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In  recent  years,  the  ability  to  accurately  test  the  hear- 
ing sensitivity  of  infants  and  other  dif f icult-to-test  indi- 
viduals has  been  advanced  by  the  introduction  of  the  auditory 
brainstem  evoked  response  (BSR) . The  BSR  is  rapidly  gaining 
in  popularity  among  clinicians;  however,  there  is  a lack  of 
adequate  research  on  its  limitations.  In  the  present  study, 
BSRs  from  normal  infants,  normal  adults,  and  adults  with 
hearing  loss  were  examined  in  order  to  learn  more  about  devel- 
opment of  hearing  in  humans,  the  frequency  specificity  of  the 
BSR,  and  its  ability  to  measure  hearing  loss. 

Stimuli  were  bread-band  clicks  (BB)  and  narrow-band 
filtered  clicks  (FC)  at  center  frequencies  of  1,  2,  4,  and  8 
kHz,  presented  mcnoaurally  at  30/s.  Latencies  of  waves  I,  III, 
V,  and  VA  were  chosen  as  the  dependent  variable  for  all  sub- 
jects . 

Latency  vs . intensity  functions  (L-I)  for  each  wave  were 
obtained  on:  10  normal  adults,  6 adults  with  hearing  loss, 


and  50  infants  between  the  ages  of  4 to  48  weeks.  The  data 
from  normal  adults  served  as  baseline  for  infants  and  sub- 
jects with  hearing  loss.  On  hearing  loss  subjects  (selected 
for  steep-sloping  losses  without  notches  in  the  audiogram) 
comparisons  of  behavioral  pure  tone  (PT)  and  FC  thresholds 
and  BSR-determined  thresholds  were  made  and  L-I  functions 
were  compared  with  normals. 

Wave  I could  not  be  reliably  recorded  to  the  1 kHz  FC 
and  it  was  occasionally  recorded  to  2 kHz  FCs  in  normal  adults 
and  infants.  The  probability  of  detecting  wave  I improved  for 
4 and  8 kHz  FCs  and  BB  clicks.  Waves  III,  V,  and  VA  could  be 
recorded  to  all  stimulus  conditions;  however,  the  probability 
of  detecting  the  responses  increased  with  stimulus  frequency 
and  intensity.  Data  were  collected  on  wave  VA,  the  large- 
amplitude  negative  peak  following  wave  V,  to  evaluate  its 
usefulness  as  a supplement  to  wave  V.  Latency  decreased  with 
increase  in  stimulus  frequency  and  intensity  for  all  the  waves. 
At  90  dB,  all  latencies,  regardless  of  stimulus  frequency, 
were  equal  to  the  8 kHz  value. 

In  subjects  with  hearing  loss,  BSR  thresholds  generally 
followed  the  pattern  of  the  behavioral  audiograms  except  BSRs 
were  usually  higher  than  PTs  and  always  higher  than  FCs. 

In  infants,  wave  I showed  no  change  in  latency  over  age 
to  BB  clicks  and  8 and  4 kHz  FCs.  An  age  effect  (decreased 
latency  with  increase  in  age)  may  be  present  to  the  2 kHz  FC. 

No  age  effects  were  seen  for  any  wave  to  1 kHz  40  dB  FCs 
while  age  effects  were  present  on  waves  III,  V,  and  VA  at  all 


other  stimulus  conditions.  The  largest  effects  were  to  the  8 
kHz  stimuli. 

Results  from  normal  and  hearing  loss  adult  subjects  sug- 
gested that  frequency  specificity  of  the  BSR  improves  as 
intensity  decreases;  however,  at  40  dB  HL,  a one-to-one  rela- 
tion between  PT  and  BSR  threshold  does  not  yet  exist.  The  wave 
I data  from  infants  provide  strong  evidence  that  the  cochlea 
in  infants  is  fully  functional  in  basal  and  second  turn  loca- 
tions by  4 weeks  of  age.  No  direct  data  could  be  obtained 
from  the  apical  turn.  Development  along  the  central  auditory 
pathways  appears  to  proceed  in  a caudal  to  rostral  direction 
and  in  a low  to  high  frequency  tonotopic  manner  until  some- 
time after  one  year  of  age.  The  use  of  the  BSR  in  clinical 
determination  of  hearing  loss  was  discussed  and  it  was  con- 
cluded that  other  tests  should  be  used  in  addition  to  BSR. 

Both  BSR  threshold  and  L-I  functions  should  be  obtained  in 
order  to  minimize  errors  in  diagnosis  of  hearing  loss. 
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CHAPTER  I 
INTRODUCTION 

The  human  infant's  capacity  to  respond  to  acoustic 
stimuli  is  of  interest  to  developmental  psychologists,  sen- 
sory psychologists,  otolaryngologists,  and  audiologists. 

The  developmental  psychologist  is  interested  in  auditory 
development  because  it  is  one  element  in  the  overall 
development  of  the  human  infant;  the  sensory  psychologist 
is  interested  in  the  senses  per  se  and  the  subtle  mecha- 
nisms by  which  they  function;  the  otolaryngologist  is  con- 
cerned about  the  abnormal  infant,  therefore  knowledge  of 
the  normal  one  is  necessary  to  quantify  deviations  and  de- 
termine treatment;  the  audiologist  must  have  the  tools  to 
accurately  measure  auditory  function,  find  the  degree  of 
hearing  deficit  and  plan  appropriate  habilitative  action. 

Each  of  these  disciplines  has  developed  procedures  to 
assess  auditory  responsivity  in  the  neonate  and  infant.  The 
degrees  of  sophistication  of  these  methods  and  procedures 
vary  widely  along  with  the  information  provided  by  each 
technique.  In  general,  the  procedures  for  measuring  phys- 
iological changes  in  infants  indicate  lower  thresholds  than 
those  techniques  using  behavioral  observations  as  the  re- 
sponse measure.  Measures  of  infants'  behavior  are  often 
less  precise  than  for  adults. 
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Over  the  years,  the  variety  of  physiological  techniques 
available  has  generated  a great  amount  of  data  on  infant 
auditory  responsivity . Some  of  these  studies  have  at- 
tempted to  define  a threshold  level  for  the  infant  response, 
while  others  use  a moderately  intense  stimulus  and  are  more 
interested  in  rates  of  response  to  different  stimulus  param- 
eters. When  dealing  with  infant  auditory  sensitivity  or 
responsivity,  the  word  "hearing"  must  be  used  with  caution. 

A physiological  response  to  an  acoustic  stimulus  does  not 
mean  that  the  infant  has  "heard"  the  stimulus  in  the  same 
sense  that  the  adult  can  say,  e.g.,  "Yes,  I heard  that." 

In  the  infant,  the  response  is  interpreted  to  mean  that  the 
neural  pathways  (specific  to  the  measure  used)  are  function- 
al, and  there  is  greater  opportunity  for  the  examiner  to 
interpret  the  response.  A review  of  some  of  the  more  common 
physiological  measurement  techniques  used  today  and  a sum- 
mary of  their  findings  are  described  below.  Behavioral 
studies  are  not  included  because  little  quantitative  data  are 
available,  and  the  more  recent  procedures  are  still  under 
development. 

Measurement  Techniques 
Heart  Rate  Response  (IIRR) 

In  the  heart-rate  procedure  a criterion  change  in  rate 
of  about  3-5  beats/minute  following  an  acoustic  stimulus  is 
accepted  as  indicating  audibility.  There  are  few  studies 
that  specifically  search  for  threshold  using  the  IIRR,  prob- 
ably because  of  the  time  required  to  track  the  threshold. 
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Schulman  and  Wade  (1970)  found  reliable  HRR  in  infants 
greater  than  two  months  of  age  to  narrow-band  noise  with 
center  frequencies  at  500  and  3000  Hz  at  34  dB  sound  pres- 
sure level  (SPL) . Berg  et  al.  (1977)  obtained  responses 
to  250,  1000,  and  4000  Hz  tones  at  30-40  dB  SPL  in  a group 
of  2-4  month  olds.  These  studies  suggested  that  acoustic 
stimuli  were  processed  through  quite  complex  neural  pathways 
(peripheral  hearing  mechanism,  brainstem,  and  heart  rate 
regulatory  centers)  when  presented  at  fairly  low  intensity 
levels  in  very  young  infants. 

Studies  using  suprathreshold  stimuli  have  shown  that 
complex  signals  are  more  effective  in  eliciting  a change  in 
heart  rate  than  pure  tones.  Effective  stimuli  are  square 
waves  and  synthetic  speech  (Clarkson  and  Berg,  1978) , tone 
chords  (Turkewitz,  Birch,  and  Cooper,  1972),  and  narrow- 
band  noise  (Schulman,  1973) . 

Respiration 

Much  of  the  work  using  change  in  respiration  patterns  as 
a measure  of  hearing  sensitivity  has  been  done  by  Bradford. 
Respiration  is  easily  measured  requiring  only  a strain  gauge 
around  the  chest,  the  output  of  which  is  led  to  a pre- 
amplifier, and  a strip-chart  recorder.  According  to  the 
procedure  described  by  Bradford  (1975)  the  acoustic  stim- 
ulus is  presented  at  the  beginning  of  a respiration  cycle 
and  a response,  indicated  by  a change  in  amplitude  or  pattern 
of  the  cycle,  is  considered  valid  only  if  it  occurs  during 
the  next  cycle.  A third,  post-response  cycle  is  also 
observed.  The  first  and  third  cycles  serve  as  controls  for 


4 


the  middle  cycle.  The  middle  cycle  must  be  different  from 
the  first  and  third  in  amplitude  or  waveform  to  score  a 
response  present.  Although  the  results  of  the  procedure  are 
influenced  by  many  factors  (stage  of  sleep,  activity  level, 
and  sedation) , Bradford  (1975)  reported  that  thresholds  to 
1000  and  3000  Hz  tones  were  obtainable  at  0 dB  Hearing  Level 
(HL)  in  24,  2 to  24  day  old  infants.  These  infants  were  re- 
tested by  respiration  measures  at  4 months  and  again  at  one 
year  with  the  same  threshold  results. 

Cortical  Evoked  Response  (CER) 

By  recording  the  cortical  evoked  response  (V— potential , 
90-150  ms  latency)  with  signal  averaging  techniques,  Engel 
and  Young  (1969)  found  that  identifiable  responses  could  be 
obtained  from  neonates  at  levels  of  3-16  dB  HL  (International 
Standards  Organization  (ISO) , 1964)  over  a frequency  range 
of  150  to  8000  Hz.  However,  Taguchi  et  al.  (1969)  using 
frequencies  of  500,  1000,  and  2000  Hz,  found  thresholds  (low- 
est intensity  that  a detectable  response  could  be  obtained) 
of  35-38  dB  HL  (ISO,  1964)  for  neonates  up  to  4 days  when 
signals  were  presented  by  air  conduction.  When  the  signals  were 
presented  by  bone  conduction,  they  found  an  air/bone  gap  of 
about  11  dB  prior  to  2 days  of  age  which  disappeared  by  4 days 
of  age.  After  4 days,  thresholds  by  air  conduction  were  about 
28  dB  across  the  frequency  range  used.  This  implies  that  the 
middle  ear  is  not  fully  functional  at  birth.  Barnett  and  Goodwin 
(1965)  used  click  stimuli  (75-2400  Hz)  to  elicit  the  CER  on  a 
group  of  18  normal  2,  3,  and  4 day  old  infants.  They  reported 
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that  11  out  of  15  of  the  subjects  had  measurable  CERs  at  a 
level  of  35  dB . Intensity  levels  were  described  as  dB  rel- 
ative to  "adult  waking  threshold."  In  older  (4-12  months) 
infants,  Onishi  and  Davis  (1969)  reported  10-15  dB  thresh- 
olds at  1000  Hz.  They  also  reported  that  in  infants  the 
latency  of  the  CER  is  longer  than  in  adults. 

The  use  of  the  CER  as  a valid  and  reliable  measure  of 
hearing  threshold  has  recently  been  questioned.  Rapin  and 
Schimmel  (1977)  have  discussed  their  experience  using  CER  in 
a clinical  setting.  Using  CER  in  a longitudinal  (follow-up) 
approach,  they  tested  children  less  than  2 years  of  age  who 
were  at  risk  for  hearing  loss  and  again  a few  years  later 
by  behavioral  audiometry.  The  most  common  error  made  was  to 
identify  a CER  as  present  when  in  fact  there  was  no  response 
(false  positive) . They  concluded  that  CER  should  not  be  used 
as  a clinical  tool,  but  if  it  is,  it  should  be  only  one  of 
a battery  of  tests.  In  view  of  Rapin  and  Schimmel' s findings, 
perhaps  the  above  CER  studies  should  be  viewed  as  less  than 
imperative,  as  indeed  most  critics  do. 

Electromyography  (EMG) 

Hutt  et  al.  (1968)  studied  neonates  3-8  days  old  using 
EMG  to  record  startle  responses  to  acoustic  stimuli.  The 
signals  were  square  and  sine  waves,  of  2 seconds  duration, 
at  octaves  starting  at  125  Hz  to  2 kHz,  presented  at  75  dB 
SPL.  The  results  of  their  study,  later  re-analyzed  by  Weir 
(1976) , showed  that  the  highest  probability  of  a response 
was  to  the  complex  (square  wave)  signal  at  125  and  250  Hz, 
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with  responses  decreasing  towards  the  higher  frequencies. 

This  was  not  a threshold  study  but  does  support  other  find- 
ings (particularly  HRR)  that  complex,  low-frequency  sounds 
elicit  more  responses  (Eisenberg,  1976) . Higher  respon- 
sivity  to  complex  signals  were  confirmed  by  Lenard,  Bernuth, 
and  Hutt  (1969)  who  used  CER. 

Auditory  Brainstem  Response  (BSR) 

The  most  recent  tool  used  to  study  the  human  infant 
auditory  system  is  the  auditory  brainstem  response  (BSR) , 
first  reported  by  Sohmer  and  Feinmesser  (1970)  and  studied 
later  by  Jewett,  Romano,  and  Williston  (1970)  and  Jewett  and 
Williston  (1971) . These  reports  described  a series  of  5 
peaks  of  submicrovolt  amplitude  that  appeared  within  6 mil- 
liseconds (ms)  poststimulus  onset  to  a broad-band  click  pre- 
sented at  a moderate  intensity.  These  responses  can  be  re- 
corded by  surface,  scalp  electrodes.  Subsequent  studies 
(Lev  and  Sohmer,  1972;  Buchwald  and  Huang,  1975;  Starr  and 
Hamilton,  1976)  localized  these  peaks  as  originating  at  suc- 
cessively more  rostral  auditory  brainstem  centers.  Roman 
numerals  were  assigned  to  the  peaks  in  order  of  latency  by 
Jewett  and  Williston  (1971)  and  their  suggested  anatomical 
correlates  are  as  follows:  I - auditory  nerve,  II  - cochlear 

nucleus  (CN) , III  - superior  olivary  complex  (SOC) , IV  - ven- 
tral nucleus  of  the  lateral  lemniscus  (VLL)  and  V - inferior 
colliculus  (IC) . These  short-latency,  hence,  low-order,  re- 
sponses were  found  to  be  unaffected  by  state  of  the  subject, 
sleep,  habituation,  and  drugs  (Jewett  and  Williston,  1971; 


Picton,  Hillyard,  Krausz,  and  Galambos,  1974) . Other  report- 
ed characteristics  of  the  BSR  are  that  wave  V is  the  largest 
of  the  series  (Jewett  and  Williston,  1971) , and  the  latency 
of  wave  V increases  as  stimulus  frequency  decreases  (Davis 
and  Hirsh,  1976;  Davis,  1976;  Klein  and  Teas,  1978;  Coats, 
Martin,  and  Kidder,  1979;  Kramer  and  Teas,  1979).  These 
characteristics  of  the  BSR  are  drawing  much  interest  in  using 
these  potentials  for  estimating  auditory  sensitivity  in  in- 
fants. The  assignment  of  peaks  to  respective  anatomical  lo- 
cations should  be  viewed  with  considerable  caution.  The 
neural  activity  represented  by  each  peak  probably  represents 
combined  activity  from  several  nuclei  or  tracts  rather  than 
from  a single  generation. 

Hecox  and  Galambos  (1974)  showed  that  for  broad-band 
clicks  (BB)  presented  at  60  dB  HL  the  latency  of  wave  V 
steadily  decreased  from  birth  and  reached  adult  values  at 
1—1%  years.  Hecox  (1975)  also  looked  at  the  age  effects  with 
BB  clicks  on  waves  I and  III  and  found  that  wave  III  latency 
approximates  the  adult  by  1-1%  years.  Wave  I could  only  be 
identified  in  30%  of  the  sample  (15  out  of  50)  and  the  adult 
latency  value  was  reached  by  7 months.  Since  BB  clicks  can 
be  expected  to  stimulate  a wide  range  of  cochlear  locations, 
Hecox  (1975)  used  selective  high-pass  masking  to  estimate 
the  frequency-related  contributions  of  the  wave  V response. 

He  reported  that  the  masker  had  little  effect  on  the  infant 
wave  V until  the  lower  cutoff  was  at  2 kHz.  His  interpreta- 
tion of  these  data  was  that  there  is  little  contribution  to 
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the  wave  V response  from  high-frequency  fibers  located  in 
the  base  of  the  cochlea,  which  accounts  for  the  increased 
latency.  The  latency  decrease  with  age  in  the  unmasked 
condition  is  then  said  to  be  due  to  a progressive  addition 
of  higher  frequency  contributions  as  the  basal  turn  of  the 
infant  cochlea  develops.  However,  the  figure  Hecox  presented 
(Fig.  5.12,  p.  183),  plotting  latency  of  wave  V vs  masker 
cutoff  frequency  with  age  as  the  parameter,  does  not 
entirely  support  this  interpretation.  In  fact  a sizable 
increase  in  latency  (0.5  ms)  occurs  when  the  lower  limit  of 
the  high-pass  masker  is  decreased  to  8 kHz  (in  a 10  day  old) . 
Unfortunately  a similar  study  has  not  been  performed  using 
wave  I.  The  average  intensity  found  to  elicit  wave  V 
(threshold)  was  27  dB  in  the  newborn  compared  to  10  dB  in 
the  adult. 

Salamy,  McKean,  and  Buda  (1975)  also  used  broad-band 
clicks  presented  at  60  dB  HL,  15/sec,  and  found  that  wave  V 
did  not  reach  adult  values  until  2-1/2  years.  In  another  study, 
Salamy  and  McKean  (1976)  measured  the  latencies  of  waves  I, 

III,  and  V,  then  subtracted  them  to  find  the  time  required 
for  neural  transmission  of  the  sensory  volley  from  one  re- 
sponsive site  to  the  next.  Results  showed  that  wave  I latency 
for  their  click  stimulus  reached  adult  value  by  6 weeks  and 
that  wave  V required  more  than  one  year  to  reach  adult  values. 
Salamy  and  McKean  suggested  that  the  cochlea  and  cochlear 
nerve  are  fully  functional  by  6 weeks  and  tne  delayed  latency 
of  wave  V,  requiring  central  transmission,  is  due  to  factors 
such  as  myelination  and  synaptogenesis  of  the  brainstem. 


Effects  of  stimulus  parameters 


Rate.  The  rate  at  which  stimuli  are  presented  produce 
many  conflicting  results  in  the  literature.  In  adults, 

Jewett  and  Williston  (1971)  and  Klein  and  Teas  (1978) 
found  no  consistent  effect  on  the  latency  of  wave  V at 
rates  up  to  30,/sec,  while  Don,  Allen,  and  Starr  (1977)  , 

Zollner , Karnahl,  and  Stange  (1976),  Terkildsen,  Osterhammel , 
and  Huis  in't  Veld  (1975)  found  effects  on  latency  in  the 
same  range  of  repetition  rates.  In  infants,  Hecox  (1975) 
found  no  rate  effects  for  clicks  presented  at  30  and  10/sec, 
while  Salamv  et  al.  (1978)  found  a significant  rate  effect 
on  all  the  BSR  waves  regardless  of  age.  The  newborn  had 
the  largest  wave  V rate  effect  which  was  significantly 
different  from  the  other  age  groups.  Salamy's  interpretation 
of  rate  effects  is  that  the  caudal  brainstem  is  well 
myelinated  shortly  after  birth,  but  the  rostral  brainstem 
(IC)  may  not  be  completely  myelinated  for  as  long  as  3 years. 
Klein,  Kramer,  and  Teas  (1978)  examined  rate  effects  on  wave  V 
to  FCs  in  infants.  When  stimuli  were  presented  at  30  and 
10/sec,  wave  V usually  appeared  to  be  longer  in  latency  for 
the  30/sec  rate  to  high-frequency  filtered  clicks,  while 
little  or  no  rate  effect  was  seen  for  low-frequency  filter- 
ed clicks. 

Stimulus  frequency.  Many  of  the  studies  mentioned  thus 
far  used  broad-band  click  stimuli  to  evoke  the  BSR.  This 
stimulus  is  popular  because  it  produces  highly  synchronous 


nerve  fiber  discharges  which  result  in  clearly  identifiable 
BSR  peaks  when  the  clicks  are  presented  at  moderate  inten- 
sity levels.  A shortcoming  in  using  broad-band  stimuli  is 
that  different  regions  along  the  cochlear  partition  cannot 
be  selectively  stimulated;  thus,  the  effect  of  frequency 
cannot  be  measured.  Tone  bursts  with  long  rise  times  are 
excellent  frequency-specific  stimuli;  however  they  do  not 
produce  easily  identifiable  BSRs.  Compromise  stimuli, 
such  as  narrow-band  (filtered)  clicks  (Davis,  1976;  Zerlin 
and  Naunton,  1975;  Klein  and  Teas,  1978)  , short  tone  bursts 
with  rise  times  of  1 to  2 ms  (tone  pips) , or  a single  cycle 
of  a sine  wave  (Gerken,  1978)  have  been  used  which  produce 
an  identifiable  BSR  that  can  be  used  to  assess  frequency 
effects.  When  such  stimuli  are  presented  at  an  appropriate 
intensity,  latency  of  wave  V is  inversely  related  to  stimulus 
frequency,  apparently  reflecting  different  sites  of  stimula- 
tion along  the  cochlear  partition.  These  stimuli  may  provide 
the  means  for  constructing  an  audiogram  by  BSRs. 

Using  filtered  click  stimuli  Klein  et  al.  (1978)  re- 
ported that  the  latency  of  wave  V in  the  1-5  month  old  is 
equal  to  the  adult  for  low-frequency  filtered  clicks, 
whereas  wave  V latency  is  longer  than  the  adult  to 
frequencies  above  2 kHz.  Responses  could  be  recorded  to 
high-frequency  clicks  at  low  intensity  levels  (10  dB) 
approximately  equal  to  the  adult  threshold;  however,  this 
was  not  systematically  studied. 


Results  from  the  infant  BSR  studies  leave  a confusing 
picture  of  the  behavior  of  the  BSR  to  different  stimulus 
parameters  and  age  effects.  The  observations  described 
above  suggest  that  the  BSR  can  be  recorded  in  infants  at 
low  intensity  levels.  This  is  in  agreement  with  some 
findings  for  cortical  responses,  respiration  measures,  and 
observations  on  wave  I,  and  suggests  that  normal  cochlear 
function  is  obtained  by  6 weeks  of  age.  A factor  that  makes 
the  above  studies  difficult  to  compare  is  the  difference  in 
acoustic  stimuli  used;  Salamy  (1975)  used  50  ps  clicks  with 
Sennheiser  Hd  414  earphones;  Hecox  (1975)  used  100  ps 
clicks  with  Realistic  earphones;  Klein  et  al.  (1978)  used 
filtered  clicks  (FC)  with  TDH-39  earphones.  Since  FC 
stimuli  are  controlled  for  spectrum  through  calibrated 
earphones,  frequency  effects  may  be  analyzed  in  the  BSR, 
perhaps  explaining  some  of  the  conflicting  results  across 
studies.  For  example,  it  was  shown  that  the  spectrum  of  the 
stimulus  will  influence  the  degree  of  wave  V latency-change 
over  age  (Klein  et  al.,  1978). 

The  anatomy  of  the  infant  auditory  system  is  not  fully 
documented.  If  the  above  physiological  results  are  to  have 
a valid  or  logical  interpretation  they  must  be  consistent 
with  the  underlying  histological  and  anatomical  data.  The 
following  is  a summary  of  the  current  data  available  on  the 
development  of  the  outer  and  middle  ear,  cochlea,  and 
central  auditory  system  (CAS)  taken  from  animal  and  human 


material . 


Developmental  Anatomy  and  Physiology 
Outer  and  Middle  Ear 

The  outer  ear  is  fully  developed  by  birth;  however,  its 
size  does  not  reach  full  dimensions  until  sometime  after  1 
year  of  age  (Kirikae,  1960,  referenced  in  Hecox,  1975) . 

Middle  ear  ossicles  are  nearly  adult  in  size  by  the  25th 
fetal  week  and  are  histologically  mature  in  the  newborn 
(Anson,  1973)  . Pneumatization  of  the  middle  ear  cavity 
(epitympanum  and  tympanum)  is  complete  by  the  9th  fetal 
month  and  formation  of  the  antrum  and  mastoid  air  cells 
begins  late  in  fetal  life  and  continues  into  childhood 
(Anson,  1973) . 

The  electroacoustic  impedance  bridge,  a device  used 
primarily  by  audiologists  to  measure  middle  ear  compliance, 
has  been  used  to  measure  the  compliance  of  the  neonate's 
tympanic  membrane  (TM) . Keith  (1973,  1975)  measured  the 
static  compliance  and  compliance  change  versus  pressure 
change  (tympanometry)  in  neonates  2.5  to  151  hours  old  and 
generally  found  compliance  values  corresponding  to  a high- 
normal  range  in  the  adult.  Keith  concluded  that  middle-ear 
mobility  in  the  neonate  is  essentially  normal,  contradicting 
the  long  standing  notion  that  the  middle  ear  cavity  is  filled 
with  mucus  or  embryonic  mesenchymal  tissue  until  a few  days 
after  birth.  This  conclusion  may  be  questionable  in  view 
of  the  recent  findings  of  Paradise,  Smith,  and  Bluestone 
(1976) . They  performed  impedance  measurements  and  otoscopic 
examinations  and  compared  these  results  to  findings  when 
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myringotomy  was  performed.  For  infants  less  than  7 months, 
they  found  that  abnormal  (flat)  tympanograms  were  correlated 
with  middle-ear  disorders;  however,  normal  tympanograms  were 
not  of  diagnostic  value,  i.e.,  a normal  tympanogram  could  be 
obtained  in  the  presence  of  middle-ear  effusion.  They  at- 
tributed this  finding  to  the  fact  that  the  ear  canal  of  the 
infant  is  highly  compliant;  therefore  it  may  be  the  compli- 
ance of  the  ear  canal  that  is  being  measured  in  the  presence 
of  stiff  TM.  One  way  to  differentiate  whether  the  TM  or  the 
ear  canal  is  contributing  to  a normal  tympanogram  is  to  use 
the  stapedial  reflex.  If  the  compliance  of  the  canal  is 
being  measured,  then  a reflex  should  not  be  obtained  indi- 
cating the  TM  is  immobile.  If  the  TM  is  of  normal  compliance, 
it  should  be  reflected  by  the  presence  of  a reflex,  assuming 
that  the  inner  ear  is  normal.  However,  the  stapedius  reflex 
is  difficult  to  elicit  in  the  normal  neonate  and  may  not 
provide  a practical  solution  (Walker  et  al. , 1977). 

Taguchi  et  al.  (1969)  obtained  cortical  evoked  re- 
sponse measurements  in  newborns  to  acoustic  stimuli  pre- 
sented via  air  and  bone  conduction.  They  found  a 15  dB 
air/bone  gap  within  2 days  of  birth  which  disappeared  by 
4-5  days.  This  study  did  suggest  that  there  is  a middle-ear 
occlusion  or  an  alteration  of  the  outer-  and  middle-ear 
transfer  function  present  at  birth. 

Whatever  the  status  of  the  newborn  middle-ear  may  be, 
all  evidence  suggests  that  by  a few  weeks  of  age  the  middle 
ear  is  mature  and  functionally  normal.  Since  the  size  of 
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the  external  ear  canal  is  changing  with  age,  it  is  possible 
that  the  resonances  of  these  structures  are  also  changing, 
which  would  result  in  variations  in  the  transfer  function, 
i.e.,  to  produce  an  apparent  change  in  sensitivity  of  inner 
ear  responses  that  would  actually  reflect  alterations  in  the 
effects  of  acoustic  pressure  at  the  stapes. 

Inner  Ear 

The  most  in-depth  study  of  the  maturational  pattern  in 
the  human  cochlea  was  reported  by  Bredberg  (1968) . He  found 
(1)  that  differentiation  in  the  fetal  cochlear  begins  near 
the  basal  end  and  progresses  towards  apex  and  base;  (2)  the 
differentiation  of  the  inner  hair  cells  (IHC)  precedes  that 
of  the  outer  hair  cells  (OHC) ; (3)  the  newborn  infant  had 

the  most  completely  intact  population  of  hair  cells  of  the 
entire  sample  studied  ranging  from  fetus  to  adult.  Thus,  on 
a gross  histological  level  the  hair  cell  population  appears 
to  be  completely  present  at  birth.  The  tunnel  of  Corti  is 
present  in  all  turns  by  the  21st  fetal  week  and  the  otic 
capsule  attains  the  adult  size  by  the  25th  fetal  week  (Anson, 
1973) . On  a more  subtle  level  there  may  be  incomplete  de- 
velopment, such  as  at  the  hair-cell,  nerve-fiber  synapse, 
which  can  only  be  observed  under  the  electron  microscope 
(EM)  - a study  not  yet  performed  in  the  human. 

Electron  microscopical  studies  of  this  nature  have  been 
performed  on  animal  preparations,  however.  Pujol,  Carlier, 
and  Devigne  (1978)  examined  the  development  of  the  kitten 
cochlea  by  EM.  They  reported  that  the  IHCs  reached  maturity 
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before  the  OHCs,  but  the  most  intriguing  finding  was  the 
plasticity  of  the  innervation  pattern.  At  birth  the 
efferents  are  reported  to  synapse  directly  on  the  IHC; 
however,  by  one  week,  the  number  of  efferents  decrease  and 
the  afferents  increase  to  seemingly  "push  away"  the 
efferents.  On  the  OHCs,  afferent  fibers  appear  before  the 
efferents,  thus,  in  the  kitten,  there  appears  to  be  much 
microanatomical  neural  development  occurring  within  the 
cochlear  system.  The  immaturity  of  sensory  structures  in 
the  kitten  is  grossly  evident,  even  from  casual  observation, 
and  appears  to  contrast  rather  strongly  with  the  human  infant. 
One  cannot,  of  course,  superimpose  the  developmental  sequence 
determined  for  the  cat  upon  the  humane  however,  the  animal 
data  can  suggest  possible  interpretations  for  structural 
changes  underlying  alterations  in  functional  measures  in  the 
human.  Perhaps  the  infant  cochlea  is  not  fully  functional 
at  birth  because  hair  cell-nerve  fiber  relations  are  not 
completed. 

Pujol  and  Abonnenc  (1977)  studied  the  development  of 
the  golden  hamster  cochlea  by  light  microscopy  (LM)  and  EM. 

LM  findings  showed  that  the  cochlea  was  very  immature  at 
birth  and  attained  the  look  of  a completely  mature  cochlea 
after  25  days.  The  maturational  sequence  of  hair  cell 
development  and  other  cochlear  structures  was  in  a basal-to- 
apical  direction.  The  EM  findings  revealed  that  synaptic 
development,  was  more  advanced  on  IHCs  and  afferents  matured 
before  efferents.  The  animal  data  are  consistent  with  the 
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observations  of  Bredberg  - on  the  human  - that  the  mammalian 
cochlear  maturational  sequence  is  predominantly  in  a basal- 
to-apical  direction. 

Central  Auditory  System  (CAS) 

The  CAS  is  composed  of  a series  of  nuclei  with  ipsi  and 
contralateral  innervation  which  provide  the  means  for  bi- 
naural interactions  and  extensive  neuronal  processing. 

From  the  most  caudal  to  rostral  extent,  these  nuclei  are: 
cochlear  nucleus  (CN) ; superior  olivary  complex  (SOC) ; the 
large  contralateral  pathway,  the  trapezoid  body  (TB)  and  its 
major  nucleus,  the  medial  nucleus  of  the  TB  (MNTB) ; the 
ventral  and  dorsal  nuclei  of  the  lateral  lemniscal  system 
(VLL,  DLL) ; the  inferior  colliculus  (IC) ; the  medial 
geniculate  body  (MGB) , and  finally,  cortex.  There  is  also 
a descending  system  that  parallels  the  ascending  systems. 
Little  anatomical  developmental  data  exist  on  these  path- 
ways in  human  or  animal  material.  Other  than  the  infant  BSR 
findings,  there  are  no  human  developmental  physiological 
data,  but  some  animal  data  are  available. 

Myelination  of  the  human  infant  brainstem  was  studied 
by  Rorke  and  Riggs  (1969)  who  reported  that,  at  term,  the 
TB,  SOC,  DLL  and  VLL  are  myelinated,  but  the  IC  contains 
very  few  myelinated  fibers.  Another  study  by  Yakovlev  and 
Lecours  (1967)  reported  that  the  VIII  nerve  is  myelinated 
by  the  5th  fetal  month  and  myelination  of  the  TB,  LL,  and  IC 
begins  in  that  same  month.  By  the  9th  fetal  month  the 
myelination  cycle  is  complete.  It  was  not  quite  clear  if 


the  authors  included  the  IC  in  the  completed  cycle.  If  so, 
this  conflicts  with  the  Rorke  and  Riggs  report.  Rorke  and 
Riggs  noted  that  gross  inspection  of  tissue  stained  for 
myelin  may  be  misleading  because  both  cells  and  background 
substance  will  stain  during  the  period  of  myelin  development. 
Tissue  must  be  under  microscopic  study  to  determine  if  the 
cells  are  myelinated. 

The  cytological  development  of  the  CN  in  the  cat  has 
been  observed  extensively  in  a series  of  studies  by  Cohen 
(1972)  and  Kane  (1973) . Under  light  microscopy  the  octopus 
cells  in  the  posteroventral  CN  appeared  mature  by  10  days 
postnatal  (Cohen,  1972;  Kane,  1973).  However,  under 
electron  microscopic  (EM)  study,  these  cells  did  not  mature 
until  after  3 weeks  postnatal  (Schwartz  and  Kane,  1977) . 

The  latency  of  the  gross  potential  recorded  from  the 
cat  CN  by  Pujol  (1972)  decreased  with  age  reaching  the  adult 
value  by  17  days;  unfortunately,  the  acoustic  stimulus  used 
was  not  specified.  Romand  and  Marty  (1975)  reported  that 
units  in  the  dorsal  CN  (DCN)  and  ventral  CN  (VCN)  of  the 
cat  reached  adult  latency  by  1 month  postnatal;  however, 
the  average  discharge  rate  did  not.  Saunders,  Coles,  and 
Gates  (1973)  studied  the  development  of  the  chick  CN  with 
gross  potentials  and  showed  that  only  responses  to  low  and 
mid  frequencies  at  high  threshold  levels  could  be  obtained 
in  the  youngest  chicks.  As  age  increased,  thresholds 
decreased,  and  the  range  of  responses  increased  toward 
high  frequencies. 
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The  anatomical  development  of  the  SOC  was  studied  by 
Strominger  and  Hurwitz  (1975)  using  human  infant  material. 

They  reported  that  cells  in  the  infant  medial  superior  olive 
(MSO)  are  more  "plump,"  more  densely  aggregated,  and  contain 
more  cells  in  a given  section  than  in  the  adult.  The  infant 
lateral  superior  olive  (LSO)  also  contained  more  cells  than 
the  adult,  and  the  entire  SOC  was  more  condensed. 

Physiological  development  of  the  IC  was  studied  by  Aitkin 
and  Moore  (1975)  by  means  of  unit  recordings  from  the  IC  in 
kittens.  They  reported  that  units  with  low  characteristic 
frequencies  (CF)  were  predominant  at  the  youngest  age,  and 
these  had  broad  tuning  and  high  thresholds.  As  age  increased, 
high-CF  units  began  to  appear,  tuning  became  sharper,  and 
thresholds  for  all  units  decreased.  Pujol  (1972)  reported 
that  gross  potentials  from  the  IC  in  kittens  showed 
latencies  that  decreased  with  age,  matching  adult  values  at 
25  weeks. 

The  preceding  summary  suggests  that  much  development 
is  taking  place  in  the  CAS  in  humans  and  animals  for  some 
time  after  birth.  The  trend  is  that  primarily  low-frequency 
stimuli  elicit  responses  at  the  earliest  ages,  with  high- 
frequency  responses  appearing  later.  The  maturational 
sequence  of  the  CAS  appears  to  be  in  a caudal  to  rostral 
direction.  The  infant  BSR  (wave  V)  studies  are  consistent 
with  this  finding. 
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Present  Study 

The  purposes  of  the  present  study  are,  primarily,  to 
examine  frequency  effects  on  the  latencies  of  response  peaks 
in  the  infant  BSR,  and  secondarily,  to  study  frequency 
specificity  of  the  BSR.  It  has  been  firmly  established 
that  the  more  basal  portions  of  the  cochlear  partition  will 
contribute  most  heavily  to  the  whole-nerve  response  when  a 
wide-band  stimulus  is  used  (Teas,  Eldredge,  and  Davis,  1962). 

Thus  those  BSR  studies  (Hecox  and  Galambos,  1974;  Hecox, 

1975;  Salamy  et  al. , 1975;  Salamy  and  McKean,  1976;  Salamy  et  al. 
1978)  employing  only  broad-band  clicks  are  limited  in  their 
investigative  range.  They  cannot  examine  the  maturational 
sequence  at  more  apical  regions  along  the  cochlear  partition 
as  reflected  by  the  latency  change  of  wave  I.  Filtered 
clicks  will  allow  somewhat  selective  stimulation  of  dif- 
ferent cochlear  locations  and  associated  pathways  in  the 
CAS.  Thus  the  infant  BSR  may  be  dissected  into  frequency 
specific  components  and  the  behavior  of  each  component  over 
age  may  be  individually  analyzed.  To  establish  baseline 
data,  normal-hearing  adults  are  used. 

There  are  a variety  of  techniques  available  to  study 
frequency  specificity  of  the  auditory  evoked  potential. 

The  use  of  selective  masking  was  first  introduced  by  Teas 
et  al.  (1962)  when  studying  the  whole-nerve  response  in 
guinea  pigs.  This  technique  was  adapted  for  work  on  the 
human  VIII  nerve  response  (Elberling,  1974) , and  the  BSR 
(Parker  and  Thornton,  1978,  a,  b;  Kramer  and  Teas,  1979). 
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By  changing  band-width  of  the  noise  masker,  contributions 
from  selective  areas  along  the  cochlear  partition  may  be 
eliminated  from  the  gross  potential  leaving  the  response 
produced  in  the  unmasked  regions.  Another  method  of 
eliminating  regions  along  the  cochlear  partition  to  study 
responses  from  remaining  regions  is  by  the  use  of  subjects 
with  hearing  loss.  By  using  adults  with  hearing  deficits, 
frequency  specificity  of  FCs  and  the  validity  of  BSR  - 
determined  thresholds  may  be  directly  evaluated.  This 
technique  will  be  used  in  the  present  study.  The  frequency 
region  where  the  hearing  deficit  exists  should  not  contribute 
to  the  BSR;  therefore,  any  responses  obtained  may  be 
localized  to  frequency  regions  in  which  little  or  no  deficit 
exists.  Using  subjects  with  hearing  loss  rather  than  using 
normals  and  simulating  hearing  loss  with  a masker  enables 
evaluation  of  another  parameter  of  the  BSR:  ability  of  the 
BSR  to  determine  thresholds  in  clinical  usage. 


CHAPTER  II 
METHODS 


Subjects 

Normal  Adults 

Ten  normal  hearing  students  with  thresholds  10  dB  (ANSI, 
1969)  or  better  at  octaves  beginning  at  .25  to  8 kHz  with 
no  history  of  ear  disease  were  chosen.  All  were  female  be- 
tween the  ages  of  20-26  years. 

Hearing  Loss  Adults 

A group  of  adults  with  hearing  losses  was  obtained 
through  the  University  of  Florida  Speech  and  Hearing  Clinic. 
History  of  the  hearing  loss  was  gathered  from  the  clinic 
records  and  by  interview  by  the  experimenter  (E) . Only 
those  patients  with  hearing  loss  that  appeared  to  be  the 
result  of  an  irreversible  cochlear  problem,  i.e.,  presumed 
hair  cell  loss  secondary  to  noise  exposure,  prebycusis,  etc. 
were  selected  as  subjects.  Etiology  of  the  hearing  loss 
was  estimated  by  history  and  audiometric  test  results.  A 
total  of  12  patients  served  as  subjects.  Nine  were  males 
and  three  were  females  with  ages  from  20  to  65  years. 

Infants 

Letters  were  sent  to  parents  of  newborn  infants  whose 
names  were  obtained  from  the  birth  records  at  the  Frank  M. 

Hall  Health  Center  located  in  Gainesville,  Florida.  Only 
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infants  determined  normal  by  the  obstetrician  were  queried. 
Because  of  the  time  required  to  contact  the  parents  and 
scheduling  the  infant,  the  earliest  age  that  testing  began 
was  at  3-4  weeks. 

Equipment 

Stimuli 

The  acoustic  stimuli,  filtered  clicks  (FC) , were 
generated  by  ringing  two  bandpass  filters  (Krone-Hite,  330 
MR  and  330  M,  24  dB/octave  each)  wired  in  series,  with  a 
square  wave  pulse.  High  and  low-frequency  cutoffs  were  set 
to  the  same  value  and  the  duration  of  the  pulse  was  adjusted 
to  produce  the  desired  waveform  (Davis  and  Hirsh,  1976;  Klein 
and  Teas,  1978).  The  output  of  the  filter  was  amplified 
(JBL  SE  400S) , attenuated  (Hewlett-Packard,  350  D)  and  led 
to  an  oscilloscope  (Tektronix,  RM  561A)  and  rotary  switch. 

The  switch  allowed  the  E to  turn  the  signal  on  or  off  to  the 
subject's  earphone  (TDH-39  in  MX41AR  cushion).  The  subject 
was  in  a double-walled,  shielded,  sound-treated  room  (IAC) . 

The  center  frequencies  of  1,  2,  4,  and  8 kHz  and  a 
0.1  ms  broad-band  (BB)  condensation  click  were  used.  The 
spectrum  of  the  earphone  output  was  found  by  measuring  the 
acoustic  output  in  a 6-cc  coupler  (Type  9A)  and  sound-level 
meter  (Bruel+Kjaer  2203) . The  output  of  the  meter  was  fed 
to  a wave  analyser  (General  Radio  1900A)  using  a bandwidth 
of  10  Hz  except  for  the  8 kHz  FC  where  50  Hz  was  used.  The 
records,  obtained  in  linear  form,  were  redrawn  on  logarithmic 
scales  for  clarity  and  are  shown  in  Fig  1.  The  meter  outputs 
showing  the  time  waveforms  were  drawn  in  Fig  2. 


Cm  (U  ft 


ig.  1.  Amplitude-density  spectra  for  FCs.  The  frequency  of  maximum  energy  is 
qual  to  the  filter  settings  except  at  8 kHz  where  the  filter  settings  were 
t 9 kHz.  See  text  for  details. 
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Fig.  2.  Time  waveforms  of  BB  click  and  FCs.  Each  FC 
waveform  is  similar  containing  4-5  cycles  but  duration 
and  rise-fall  time  increases  as  frequency  decreases. 
Arrows  indicate  the  point  from  where  BSR  latencies  we 
measured.  Markers  on  the  time  scales  represent  0.1  o 
the  total  time  span. 
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Intensity  levels  were  established  by  obtaining  averaged 
thresholds  by  method  of  limits  to  FCs  presented  at  a rate  of 
5/sec,  from  5 normal-hearing  adults  (Klein,  1976;  Klein  and 
Teas,  1978)  . The  clicks  were  presented  continuously  and  the 
S was  instructed  to  raise  his  hand  as  long  as  he  could  hear 
the  clicks  and  lower  his  hand  when  he  could  not.  The  E 
adjusted  the  intensity  in  1 dB  steps  until  the  S was  uncer- 
tain that  he  could  hear  the  continuous  click  train,  i.e., 
his  hand  would  go  up  and  down  without  changing  the  stimulus 
level.  This  point  was  called  threshold.  This  threshold  volt- 
age level  was  established  as  0 dB  hearing  level  (HL) . The 
corresponding  peak  equivalent  (p.e.)  SPL  was  obtained  by 
introducing  a continuous  tone  of  the  same  frequency  as  the  FC 
and  equal  in  peak-to-peak  voltage  into  the  earphone.  The 
earphone  outputs  were  measured  with  a 6-cc  coupler  as 
described  above.  The  p.e.  SPL  of  the  FC  was  referenced  to 
the  SPL  of  the  tone.  The  energy  levels  for  FCs  in  dB  SPL 
were  computed  by  delivering  the  FCs  at  a rate  of  50/s  into 
a true  rms  voltmeter  (Ballatine  321)  calibrated  so  that  the  SPLs 
were  read  from  rms  voltage  levels.  The  total  energy  for  5 
clicks/s  was  calculated  for  each  filter  setting  and  the 
corresponding  p.e.  SPLs  are  listed  in  Table  I.  This 
procedure  is  similar  to  the  method  described  by  Yost  and 
Klein  (1979) . All  intensity  levels  used  in  this  report  are 
in  dB  relative  to  the  behavioral  thresholds  as  described 


above. 
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Table  I.  Intensities  for  FC  thresholds  corresponding  to 

0 dB  HL  determined  on  5 normal  hearing  subjects.  Levels 
are  expressed  as  total  energy  (dB  SPL)  in  five  clicks  over 

1 S,  and  the  corresponding  p.e.  SPL.  Measurement  procedure 
is  described  in  text.  The  3.0  dB  value  at  8 kHz  may  be 
underestimated  because  of  compensation  for  the  earphone 
rolloff  at  8 kHz. 


Frequency  (kHz) 

Energy  (dB  SPL) 

p.e.  SPL 

00 

3.0 

32.3 

4 

1.0 

25.8 

2 

4.0 

23.6 

1 


4.5 


23.6 
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Data  Acquisition 

The  EEG  was  recorded  with  silver/silver  chloride  disk, 

(9  nun)  surface,  electrodes.  Three  electrodes  were  used, 
one  placed  on  the  forehead  immediately  below  the  hairline, 
and  one  on  each  mastoid.  After  skin  was  cleaned  with  alcohol 
and  slightly  abraded  with  electrode  paste  (Redux) , the 
electrodes  were  coated  with  paste  (Grass,  EC2)  and  taped  to 
the  prepared  locations.  Resistance  between  electrodes  was 
checked,  and  if  it  exceeded  5 k ohms  the  electrode  was  re- 
moved and  the  cleaning  process  repeated.  This  generally 
improved  the  resistance  to  within  the  5 k ohm  tolerance. 

However,  on  a few  adults  and  infants,  electrode  resistance 
remained  high  (5-10  k ohms)  even  after  repeating  the  appli- 
cation procedure  three  times. 

The  electrode  leads  were  connected  to  a high-impedance 
(2  x 1011  ohms)  cathode  follower  (Grass,  HIP  511B)  which  led  to 
an  ac-coupled,  high-gain  amplifier  (Grass,  P511) . The  forehead 
lead  was  connected  to  the  active  (Gl)  terminal,  the  lead  from 
the  mastoid  on  the  ipsilateral  (stimulated)  ear  to  the  reference 
terminal  (G2) , and  the  other  mastoid  lead  to  ground.  With  this 
configuration,  positive  neuroelectric  activity  at  forehead 
relative  to  mastoid  appeared  as  an  upward  peak.  Gain  was 
set  at  100  K and  bandpass  from  0.03-3  kHz. 

In  the  early  stages  of  this  experiment  the  infant  data 
were  stored  on  FM  tape  (Ampex,  FR-100A)  with  a bandpass  from 
0-2500  Hz  at  7-1/2  ips,  for  later  off-line  averaging  and 
analysis.  Comparisons  of  the  on-line  averaged  response 
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waveform  and  the  same  data  averaged  off  tape  showed  an  in- 
crease in  response  latency  of  240  psec  for  the  taped  data. 

The  computer  was  programmed  so  that  a delay  of  240  psec  was 
introduced  in  the  off-line  average  in  order  to  compensate  for 
this  discrepancy.  Immediately  before  averaging  (on-line  or 
off-line) , the  data  were  further  filtered  (Krone-Hite,  330MR) 
at  70-1600  Hz.  Signal  averaging  was  performed  by  a general 
purpose  computer  (DEC  PDP  8/e) . A dwell  time  of  79  psec  and 
256  points  were  used  which  gave  a total  sampling  sweep  of  20.2 
msec.  The  software  included  artifact  rejection  which  was 
set  to  eliminate  voltages  greater  than  +7.0  pv  from  the  av- 
erage. A cursor  was  available  which  could  be  set  to  read  the 
latency  and  amplitude  values  of  desired  waveform  peaks  of  the 
completed  average  directly  from  the  display  scope.  A hard 
copy  of  the  waveform  was  obtained  with  an  X-Y  plotter  (Houston 
Omnigraphic,  2000).  About  midway  through  the  acquisition  of 
the  infant  data  and  before  the  adult  data  gathering  began,  the 
software  was  modified  so  that  the  averaged  waveform  along  with 
subject  information  could  be  stored  directly  on  floppy  disk 
(Data  Systems,  DSD  210-8).  Once  this  system  became  operation- 
al, the  FM  tape  was  no  longer  used.  All  previously  recorded 
data  were  re-averaged  and  stored  on  disk  files. 

Procedure 

Acoustic  stimuli  were  presented  to  all  Ss  monaurally  to 
the  ear  ipsilateral  to  the  mastoid  reference  electrode  at  a 
repetition  rate  of  30/sec.  When  the  presence  of  a BSR  was 
questionable,  or  a peak  was  ambiguous,  the  run  was  repeated 
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and  if  the  waveform  was  similar  in  shape  or  the  latencies  of 
the  peak  in  question  were  within  + 0.2  ms,  the  response  peak 
was  considered  present.  After  the  electrodes  were  attached, 
the  S was  allowed  to  lie  down  on  a small  bed  in  the  sound- 
treated  room.  Subjects  were  strongly  encouraged  to  sleep 
and  many  did,  but  if  they  could  not,  they  were  instructed  to 
remain  as  still  as  possible  during  an  averaging  run.  Wave- 
forms were  accepted  for  analysis  if  the  number  of  computer- 
determined  rejected  samples  were  .10%  or  less  than  the  total 
number  of  responses  in  the  averaged  waveform.  If  the  number 
of  rejected  samples  were  greater  than  10%,  the  EEG  was  con- 
sidered to  be  too  noisy  and  the  S was  again  requested  to 
relax. 

Normal  Adults 

All  stimulus  conditions  were  not  always  completed  in  one 
session  for  every  subject  so  return  visits  were  required. 

The  complete  series,  presented  at  30/sec,  consisted  of: 
broad-band  click  (100  ps)  (BB) , 60  dB;  1 kHz  FC,  40  and  60  dB; 
2 kHz  FC,  40,  60,  70,  80  and  90  dB;  4 kHz  FC,  40,  60,  70,  80, 
and  90  dB;  and  8 kHz  FC,  40,  60,  and  70  dB.  The  number  of 
responses/  waveform  ranged  from  1000  for  a high  level,  high 
frequency  stimulus  to  4000  for  a low  level,  low  frequency 
stimulus.  The  latency  of  waves  I,  III,  V,  and  VA  were  found 
with  the  cursor  readout  which  gave  values  in  .079  ms  steps. 
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Hearing  Loss  Adults 

Instructions  for  adults  with  hearing  losses  were  the 
same  as  for  normal  adults.  Before  the  BSR  recordings  began, 
behavioral  thresholds  to  FCs  were  established  by  method  of 
limits.  Once  the  thresholds  were  obtained,  the  S was  given 
time  to  relax,  and  when  the  EEG  voltage  (RMS)  was  down  to 
an  appropriate  level,  the  session  began. 

Filtered  clicks  were  presented  at  suprathreshold  levels 
beginning  at  10  dB  sensation  level  (SL)  and  increased  in  10  dB 
steps  until  a BSR  was  noted.  Latencies  and  amplitudes  of  all 
BSR  waves  were  noted.  If  a BSR  was  obtained  on  the  first  pre- 
sentation, the  signal  intensity  was  decreased  10  dB.  The 
BSR  threshold  was  considered  to  be  the  lowest  intensity  level 
(10  dB  steps)  at  which  an  averaged  response  was  observable. 

A control  run  with  no  signal  present  was  included  to  have  a 
record  of  averaged  baseline  activity. 

Infants 

Infants  were  scheduled  as  near  to  their  usual  nap  time 
as  possible.  The  mother  was  instructed  to  keep  the  infant 
awake  before  the  experiment  as  best  she  could.  If  the 
infant  was  scheduled  for  the  afternoon,  it  was  requested 
that  he  not  be  given  a morning  nap  at  all,  or  a very  short 
one.  While  mother  held  the  infant,  the  electrodes  were 
attached.  Once  the  electrodes  were  in  place,  the  E left  the 
sound-treated  room  and  the  mother  would  try  to  induce  sleep  in 
the  infant,  either  by  holding  him,  or  placing  him  in  a crib. 

If  the  infant  slept  while  the  mother  held  him,  she  was 


given  the  task  of  holding  the  earphone  gently  in  place 
against  his  ear.  If  the  infant  was  in  the  crib,  the  ear- 
phone was  placed  over  the  upturned  ear,  held  in  place  by  the 
force  of  its  own  weight.  The  mother  remained  in  the  test 
room  throughout  the  experiment  and  was  instructed  to  let 
the  E know  immediately,  via  an  intercom,  if  the  earphone 
was  removed.  All  infant  data  were  collected  while  under 
sleep  — no  drugs  were  used.  The  average  sleeping  time  per 
infant  was  about  45-60  minutes. 

The  entire  protocol  required  about  one  hour  to  complete. 
Stimuli  were  presented  in  the  following  order:  BB  click, 

60  dB;  1 kHz  FC,  60  and  40  dB;  8 kHz  FC , 60  and  40  dB; 

2 kHz  FC,  60  and  40  dB;  4 kHz  FC , 60  and  40  dB  (70,  80,  and 
90  dB  were  used  on  5 Ss) . 

At  the  completion  of  the  test  protocol,  or  when  the 
infant  awoke  and  the  BSR  recording  was  terminated,  middle 
ear  impedance  (tympanometry)  was  performed  (Madsen,  ZS76). 
Compliance  values  were  taken  and  recorded  at  200,  100,  0, 

-100  and  -200  mnti^O.  If  impedance  results  showed  an  abnormal 
tympanogram,  a middle-ear  disorder  was  suspected  and  the  data 
for  that  session  were  not  used. 

The  return  visits  were  spaced  at  4 week  intervals  for 
the  first  4 sessions,  and  then  at  8 week  intervals.  However, 
this  schedule  could  not  be  followed  closely  because  of 
cancellations  due  to  sickness,  vacations,  and  equipment 
breakdowns.  An  attempt  was  made  to  test  the  same  ear  on 
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return  visits  but  this  was  not  always  possible  because  some 
infants  insisted  upon  sleeping  in  different  positions  at  dif- 
ferent sessions.  Parents  were  compensated  for  their  time  at 
$2. 50/hour  increasing  $. 50/hour  every  other  session. 

Data  Analysis 

Normal  Adults 

Latencies  of  waves  I,  III,  V,  and  VA  for  each  S were 
measured  with  the  cursor  readout.  Mean  latencies  were  com- 
puted and  used  to  construct  latency  by  intensity  (L-I)  func- 
tions for  each  wave  for  each  FC.  The  mean  latencies  served 
as  reference  or  target  latencies  for  infants  and  the  L-I 
functions  were  used  for  comparison  with  subjects  who  showed 
hearing  losses . 

Hearing  Loss  Adults 

Behavioral  pure  tone  (PT)  and  FC  thresholds,  and  BSR 
thresholds  for  each  S were  compared  for  intrasubject  con- 
sistency and  with  the  normal  adult  values.  When  possible, 

L-I  functions  were  obtained  and  compared  with  L-I  functions 
for  normal  adults.  A correction  factor  (CF)  for  frequency 
specificity  of  FCs  was  determined  by  relating  the  behavioral 
(PT  and  FC)  to  the  BSR  thresholds  and  was  applied  to  normal, 
adult  and  infant  subjects.  The  CF  will  be  described  more 
fully  in  the  discussion  section.  The  use  of  the  BSR  for 
hearing  threshold  estimation  was  examined. 

Infants 

Latencies  of  waves  I,  III,  V,  and  VA  were  measured  as 
for  the  adults.  The  latencies  for  each  FC  at  each  intensity 


for  each  infant  was  plotted  and  the  regression  equations 

Y = m logX  + b where  Y = predicted  latency,  m = slope,  b = 

Y intercept,  and  X = age,  were  computed  for  age  vs  latency 
for  each  wave.  Mean  normal-adult  latencies  served  as  targets 
for  the  regression  lines  drawn  from  the  regression  equations. 
Latencies  from  those  infants  tested  longitudinally  were 
compared  to  the  regression  lines  previously  determined  from 
the  whole  infant  sample.  A more  exact  estimate  of  frequency 
regions  (represented  in  the  cochlea)  actually  stimulated  by 
FCs  was  given  by  results  from  subjects  with  hearing  loss. 


CHAPTER  III 
RESULTS 

Normal  Adults 

Some  Ss  had  a great  deal  of  difficulty  relaxing  and 
little  data  were  collected  due  to  the  large  number  of  arti- 
fact rejections.  These  subjects  were  not  asked  to  return  to 
complete  the  series.  Therefore,  some  Ss  do  not  have  data 
at  all  stimulus  conditions. 

Waveforms 

An  example  of  a normal  adult's  BSR  waveforms  to  a 4 kHz 
FC  at  different  intensities  is  shown  in  Fig.  3.  Response 
waves  are  labeled  according  to  the  Jewett  convention  except 
wave  VA  which  will  be  discussed  later.  As  previously  re- 
ported (Klein  and  Teas,  1978;  Davis,  1976)  the  amplitude  of 
wave  V decreases  and  latency  increases  as  stimulus  intensity 
decreases.  This  occurs  for  all  FCs  used.  Amplitudes  of  the 
earlier  waves  decrease  faster  than  wave  V,  particularly  at 
signal  levels  below  80  dB.  At  40  dB,  waves  I and  III  are 
often  slightly  above  noise  level.  For  this  reason,  the  iden- 
tification of  waves  I and  III  at  low  intensity  levels  becomes 
difficult,  and  at  times  impossible.  If  response  waveforms 
showed  multiple  peaks  in  this  latency  region,  the  largest 
peak  was  chosen,  or  if  there  was  no  clear  major  peak,  the  mid- 
point of  the  top  of  the  wave  was  the  point  at  which  latency 
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Fig.  3.  Brainstem  response  waveforms  from 
an  adult  with  normal  hearing.  The  stimulus 
was  a 4 kHz  FC  presented  at  the  above  levels. 
As  intensity  decreases,  waves  become  ambig- 
uous, particularly  wave  I.  Note  the  change 
in  the  IV-V  complex  as  intensity  is  decreased. 
Forehead  positivity  is  shown  in  the  upward 
direction  in  this  and  all  future  figures. 
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was  measured.  Although  larger  in  amplitude,  wave  V can  be- 
come ambiguous  at  low  intensity  levels.  At  80  and  90  dB  wave 
V is  slightly  greater  in  amplitude  than  wave  IV,  but  at  lower 
intensity  levels,  wave  IV  may  become  larger  (Fig.  3).  At 
40  dB  it  becomes  uncertain  whether  wave  IV  is  absent,  is  the 
highest  peak,  or  if  wave  V is  the  highest  peak  or  the  shelf 
following  the  peak.  This  ambiguity  is  characteristic  of 
BSRs  from  many  normal  Ss.  The  criterion  for  wave  V identi- 
fication in  this  study  (the  most  positive  peak  preceding  the 
change  to  negativity)  requires  that  only  the  highest  peak  be 
labeled  wave  V.  To  label  the  shelf  as  wave  V (Rowe,  1978; 
Chiappa,  Gladstone,  and  Young,  1979)  was  considered,  but 
many  times  the  shelf  following  the  peak  was  completely  absent 
or  only  slightly  visible.  In  order  to  be  consistent  in  the 
wave  V latency  measurement  the  highest  peak  was  always  chosen. 
If  subsequent  research  should  show  that  this  peak  is  better 
considered  as  wave  IV,  then  the  wave  V latency  measurements 
reported  here  for  low  intensity  levels  may  be  underestimates. 
Probability  and  Variability  of  BSR  Peaks 

The  means  and  standard  deviations  (SD)  of  latencies  about 
the  respective  means  of  waves  I,  III,  V,  and  VA  were  computed. 
Since  the  number  of  opportunities  for  obtaining  a response 
was  known,  the  number  of  responses  actually  obtained  allowed 
the  relative  frequency,  or  probability  of  response  (POR),  to 
be  calculated.  These  statistics  are  shown  in  Table  II.  As 
stimulus  frequency  and  intensity  decrease,  the  POR  decreases 
and  the  SD  increases.  This  finding  is  consistent  with  a 


TABLE  II.  Probability  of  response  (POR)  and  standard  deviation  (SD) . 
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decreasing  signal-to-noise  (S/N)  ratio  of  the  responses  as 
stimulus  intensity  decreases,  making  the  response  undetect- 
able, or  ambiguous  with  multiple  peaks  (see  Fig.  3,  40  dB) . 
Decreasing  frequency  has  a greater  effect  on  decreasing  the 
POR  and  increasing  the  SD  than  decreasing  intensity.  No 
clear  wave  I could  be  observed  for  1 kHz  FC  at  40  or  60  dB, 
and  for  2 kHz,  wave  I was  observed  in  40%  of  the  opportun- 
ities at  60  dB  and  only  11%  at  40  dB.  The  mean  latencies 
for  those  cells  that  contain  a low  POR  and  a large  SD  are 
less  secure  estimates  than  cells  with  a high  POR  and  small 
SD.  For  example,  the  mean  latency  of  wave  I at  4 kHz  40  dB 
is  probably  a less  secure  estimate  of  the  true  population 
mean  than  that  at  4 kHz,  60  dB. 

Latencies  as  a Function  of  Frequency  and  Intensity 

The  cursor  readout  provided  latency  values  in  79  ps 
steps.  Figure  4 shows  the  mean  latencies  as  a function  of 
intensity  for  waves  I,  III,  V,  and  VA.  The  parameter  is 
center-frequency  of  the  FC.  Wave  I to  the  2 kHz,  40  dB  FC 
had  a POR  of  only  .11  (Table  II)  and  was  not  considered  valid; 
therefore/  the  data  point  was  taken  from  Kramer  and  Teas  (1979) 
(open  stars)  who  used  an  ear  canal  electrode  which  provides 
a larger  S/N  ratio.  They  presented  their  stimuli  at  a rate 
of  10/sec  and  alternated  polarity  of  the  signal  to  cancel 
artifact  and  cochlear  microphonic  (CM) . Data  points  from 
Kramer  and  Teas  (1979)  for  60  and  70  dB  were  also  plotted  for 
comparison  with  the  wave  I data  from  the  present  study.  Good 
agreement  exists  for  the  60  dB  point  and  about  a 0.2  ms 


Fig.  4.  Mean  normal-adult  latencies  of  BSR  waves 
plotted  as  a function  of  intensity.  The  parameter  is 
FC  frequency.  At  8 kHz,  maximum  intensity  available  due 
to  equipment  limitations  was  70  dB.  At  1 kHz,  maximum 
intensity  was  limited  at  60  dB  by  a large  stimulus 
artifact.  Opened  stars  are  data  from  Kramer  and  Teas  (1979) 
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difference  for  the  70  dB  point.  The  plateau  at  70  and  80  dB 
probably  signifies  that  the  wave  I peak  was  confounded  with 
signal  artifact  and/or  CM.  Since  Kramer  and  Teas  (1979) 
cancelled  the  artifact  and  CM,  their  70  dB  point  is  probably 
a better  approximation  of  the  true  wave  I latency.  No  data 
point  could  be  obtained  for  the  90  dB  level  in  the  present 
study  because  of  the  very  large  signal  artifact  super- 
imposed in  the  waveform  (signal  polarity  was  not  alternated) . 
At  8 kHz,  there  are  no  data  points  above  70  dB  because  of 
limited  dynamic  range  due  to  the  frequency  response  curve  of 
the  earphone.  The  greatest  range  of  intensity  was  available 
for  the  4 kHz  FC.  At  high  levels,  the  signal  artifact  was 
brief  enough  that  it  did  not  impose  upon  wave  I.  Note  that 
as  intensity  is  increased  to  the  maximum  level  at  4 kHz,  wave 
I latency  continues  to  decrease  and  no  plateau  is  evident, 
although  there  is  a change  in  slope.  At  1 kHz,  wave  I could 
not  be  reliably  identified  from  noise  for  any  S at  40  dB,  and 
at  60  dB,  the  signal  artifact  imposed  upon  the  wave  I latency 
window. 

The  wave  III  data  show  a somewhat  different  pattern. 
Between  40  and  60  dB  the  lines  are  nearly  parallel  and  above 
60  dB  they  begin  to  converge.  The  slope  of  the  latency  change 
is  inversely  related  to  frequency.  That  is,  the  decrease  in 
latency  is  greater  for  2 kHz  than  for  8 kHz.  At  90  dB  all 
latencies  are  essentially  equal  across  frequency. 
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Data  points  for  wave  V at  40  and  60  dB  represent  data 
pooled  from  the  present  study  with  Klein  and  Teas  (1978). 

Before  the  data  were  pooled,  mean  latencies  from  the  present 
study  were  compared  to  Klein's  data.  For  the  1 kHz  FC , 40  dB, 
wave  V is  0.6  ms  shorter  in  the  present  study,  and  at  60  dB , 

0.2  ms  shorter.  The  discrepancy  at  40  dB  is  not  surprising 
in  view  of  the  large  variability  (SD  = .862  ms)  in  the  data. 
Agreement  at  2 and  4 kHz  was  quite  good  (within  0.1  ms).  At 
8 kHz,  40  and  60  dB,  a 0.3-0. 4 ms  decrease  in  latency  was 
found  in  the  present  study.  This  difference  is  quite  large 
compared  to  the  small  variability  (SD  = 0.2  ms)  at  8 kHz; 
therefore  this  finding  is  somewhat  puzzling.  At  present  no 
explanation  is  offered. 

The  latencies  of  wave  I were  subtracted  from  wave  V at 
all  stimulus  conditions  which  had.  reliable  data  to  observe 
how  well  wave  V follows  wave  I.  The  results  are  shown  in 
Table  III.  The  missing  data  at  8 kHz  are  due  to  equipment 
limitations  and  at  2 kHz  because  of  questionable  reliability. 

No  trend  is  evident  either  across  intensity  or  frequency. 

Wave  V in  adults  follows  wave  I very  closely  regardless  of 

stimulus . 

The  large  negative  peak  following  wave  V,  labeled  Wave  VA, 
was  included  in  the  BSR  analysis.  This  negativity  was  the 
largest  amplitude  wave  in  the  BSR  in  many  of  the  recordings, 
and  at  times,  the  only  wave  present  at  low  intensity  levels. 
Because  the  electrical  configuration  from  which  the  BSR  is 
recorded  is  a complicated  one,  response  polarity  was  checked 


TABLE  III.  Adult  interwave  intervals. 


WAVE  I--V 

FC  FREQ.  (kHz) 


INTEN. (dB)  248 


90  3.089  

80  3.779  

70  3.919  3.812  3.781 

60  4.031  4.050  3.938 

40  3.799  3.884 


WAVE  I-VA 


90  4.651  

80  4.624  

70  4.647  4.622  4.869 

60  5.054  5.170  4.920 

40  5.165  4.876 


The  above  differences  are  in  ms. 
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by  delivering  a positive  pulse  to  the  active  (Gl)  forehead 
terminal  of  the  amplifier  input.  The  amplifier  output 
corresponded  to  an  upward  deflection  for  positive  voltage 
at  the  input.  The  problem  of  polarity  becomes  important 
because  wave  VA,  for  example,  could  be  interpreted  as  wave  V. 
With  the  electrode  configuration  used  in  this  study,  forehead- 
positive corresponds  to  an  upward  deflection  in  the  averaged 
response.  There  may  be  some  question  as  to  whether  wave  VA 
was  what  Jewett  described  as  wave  V.  The  latencies  for  the 
positive  peaks  I - V in  the  present  study  are  somewhat  longer 
(0.5  - 0.9  ms)  in  comparison  with  other  studies  (Jewett  and 
Williston,  1971;  Picton  et  al . , 1974;  Salamy  and  McKean,  1976), 
but  if  the  latencies  of  the  negative  peaks  are  used,  the  values 
are  quite  discrepant,  being  about  3 ms  longer  than  in  other 
reports.  A comparison  of  waveforms  and  recording  configura- 
tions across  various  studies  was  made  (Rowe,  1978;  Chiappa 
et  al.,  1979;  Starr  and  Hamilton,  1976;  Salamy  and  McKean, 

1976;  Terkildsen,  Osterhammel  and  Huis  in't  Veld,  1975;  and 
Jewett  and  Williston,  1971) . The  present  waveforms  are  sim- 
ilar to  all  except  those  shown  by  Jewett  and  by  Salamy.  Both 
these  investigators  show  positivity  plotted  in  an  upward 
direction*,  however,  their  waveforms  still  appear  inverted 
compared  to  those  from  the  present  study.  Figure  5 is  a BSR 
waveform  taken  from  Salamy  and  McKean  (1976)  . The  most 
notable  difference  is  that  wave  V in  this  report  extends 
far  below  baseline  (wave  VA)  and  wave  VI  appears  on  the 
ascending  slope  of  wave  VA  (Fig.  3).  Salamy  and  Jewett  show 


.125 


2 ms 


Fig.  5.  Example  of  an  adult  BSR  waveform  taken  from 
Salamy  and  McKean  (1976) . Waveforms  similar  in  shape 
are  also  shown  by  Jewett  (1971) . Stimulus  was  a broad- 
band click  presented  at  55  dB  sensation  level,  15/s. 
Vertex  positive  activity  is  in  the  upward  direction, 
as  in  the  present  study,  however,  the  waveform  appears 
to  be  inverted  compared  to  those  from  Fig.  3. 
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little  or  no  negativity  after  wave  V,  and  wave  VI  appears 
on  the  descending  slope  of  w ave  V.  The  shape  of  the  BSR 
waveform  depends  upon  many  factors:  the  characteristics  of 

the  signal  averager  such  as  dwell  time  and  number  of  points, 
variations  in  EEG  filter  settings  (Terkildsen  et  al.,  1975), 
acoustic  stimulus  (Klein  and  Teas,  1978),  and  wide  individual 
differences  under  the  same  recording  conditions  (Chiappa  et 
al.,  1979). 

Wave  I-wave  VA  intervals  were  computed  and  can  be  seen  in 
Table  III.  All  intervals  are  similar  except  4 kHz,  60  and 
40  dB,  and  2 kHz,  40  dB,  which  are  slightly  longer.  However, 
since  no  definite  trends  are  evident,  wave  VA  will  be  assumed 
to  be  similar  to  wave  V.  Because  of  its  large  amplitude, 
wave  VA  may  provide  additional  data  when  wave  V is  ambiguous. 

The  data  points  for  all  waves  converge  at  high  stimulus 
levels  and  have  greater  separation  at  the  lowest  levels. 

This  is  in  agreement  with  other  findings  (Klein  and  Teas, 

1978;  Kramer  and  Teas,  1979;  Elberling,  1976;  Coats  et  al., 
1979)  and  suggests  that  a more  frequency  specific  response  is 
available  at  lower  intensity  levels. 
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Hearing  Loss  Adults 

Testing  was  attempted  on  12  Ss  meeting  the  criteria  for 
hearing  loss  but  only  6 were  able  to  reduce  ongoing  electri- 
cal activity  sufficiently  to  permit  BSR  recordings  with  the 
number  of  waveform  rejections  within  an  acceptable  region 
(10%).  The  ages  of  the  12  Ss  ranged  from  20  to  65  years. 

No  sedation  was  used. 

Threshold  Comparisons 

Two  sets  of  behavioral  thresholds  for  the  subjects  with 
hearing  losses  are  shown  in  Fig.  6.  The  circles  (right  ear) 
or  stars  (left  ear)  represent  the  pure  tone  (PT)  thresholds 
and  the  squares  represent  thresholds  to  the  filtered  clicks 
(FC) . Thresholds  to  FCs  for  subject  RA  (Fig.  6-B)  could  not 
be  reliably  determined  (severe  tinnitus  interfered  with  the 
task) . Thresholds  to  PTs  for  subject  SEM  could  not  be  reached 
for  4 and  8 kHz  (insufficient  intensity  was  available) . But 
note  that  the  4 kHz  FC  threshold  was  obtained  at  75  dB  HL  and 
at  2 kHz,  40  dB  HL.  For  subject  BJ  the  differences  between 
FC  and  PT  thresholds  were  small  except  at  8 kHz.  The  FC 
threshold  at  8 kHz  was  about  the  same  as  at  4 kHz,  but  the 
PT  threshold  at  8 kHz  was  25  dB  greater  than  at  4 kHz.  The 
FC  threshold  was  consistently  lower  than  PT  for  all  Ss. 

Energy  in  the  FC  below  the  center  frequency  appears  to  be 
effective  in  determining  behavioral  thresholds  in  the  presence 
of  sloping  high-frequency  hearing  losses. 


Fig.  6.  Threshold  audiograms  for  each  hearing-loss  subject. 
Each  audiogram  contains  the  subject's  initials,  age,  sex, 
and  cause  of  hearing  loss.  The  circles  and  stars  indicate 
pure  tone  (PT)  thresholds  for  right  and  left  ears,  respec- 
tively. Squares  indicate  FC  behavioral  thresholds  and 
triangles  indicate  BSR  (physiological) threshold.  The  solid 
line  indicates  that  the  BSR  and  FC  data  refer  to  that  ear. 
The  small  dashes  connect  FC  thresholds  and  large  dashes, 

BSR  thresholds.  The  arrows  at  the  right  indicate  level  of 
BSR  threshold  to  BB  click.  No  entry  means  that  no  attempt 
was  made  to  determine  threshold.  The  M indicates  that  con- 
tralateral masking  was  used  because  of  the  possibility  of 
acoustic  crossover  to  the  normal  ear. 


HEARING  LEVEL  (dB  HL)  (rc:  ANSI,  1969) 
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For  subjects  with  normal  hearing  it  was  determined  that 
more  acoustic  energy  is  reguired  for  BSR  threshold  to  FCs 
than  for  behavioral  thresholds.  The  BSR  thresholds  to  low- 
frequency  FCs  require  more  energy  than  high-frequency  FCs. 

From  normal-hearing  adult  subjects,  wave  V thresholds  of 
40  dB  to  the  1 kHz  FC,  and  10-20  dB  to  the  2,  4,  and  8 kHz 
FCs  are  found  (Klein,  1976;  Klein  and  Teas,  1978). 

Thresholds  determined  by  BSR  in  the  subjects  with  hearing 
loss  are  plotted  in  Fig.  6.  The  shape  of  the  BSR  audiogram 
is  generally  similar  to  the  behavioral  FT  audiogram  except 
that  the  BSR  thresholds  are  higher.  When  a severe,  high- 
frequency  loss  exists  (at  8 kHz  for  BJ,  at  4 kHz  for  SEM, 
and  at  4 kHz  for  EB) , the  behavioral  and  BSR  audiograms  are 
no  longer  parallel.  In  these  cases,  BSR  threshold  is  much 
lower  than  behavioral  PT . In  these  cases  it  is  likely  that 
the  threshold  BSR  originates  from  frequency  regions  below 
the  frequencies  of  maximal  hearing  loss.  If  so,  the  fre- 
quency specificity  of  the  BSR  might  be  further  examined  by 
finding  the  highest  frequency  for  that  S at  which  PT  thres- 
hold is  normal,  provided  that  the  audiogram  has  no  multiple 
peaks,  and  observing  BSR  threshold  levels.  These  conditions 
occur  at  0.5  kHz  for  RA,  1 kHz  for  SEM,  and  2 kHz  for  JV, 

EB,  and  BB . 

For  RA  no  behavioral  FC  or  BSR  measurements  could  be 
obtained,  a result  which  - in  this  case  - is  a positive 
finding,  discussed  later.  Subject  SEM  had  a similar  loss 
except  that  her  normal  hearing  range  extended  to  1 kHz  with 
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PT  thresholds  decreasing  rapidly  to  reach  a 65  dB  loss  by 
1.5  kHz.  In  this  subject,  1 kHz  FCs  failed  to  elicit  a BSR 
at  a level  of  60  dB  HL.  A BSR  threshold  was  also  unobtain- 
able at  2 kHz  even  though  the  behavioral  FC  threshold  was 
established  at  40  dB  HL.  The  only  BSR  to  FCs  obtained  from 
SEM  was  found  at  4 kHz  which  was  within  5 dB  of  the  reported 
behavioral  one. 

Subjects  JV,  EB,  and  BB  have  normal  hearing  extending  to 
2 kHz  with  thresholds  increasing  rapidly  above  2 kHz.  The 
1 kHz  BSR  thresholds  were  normal  for  EB  and  slightly  elevated 
for  JV.  BSR  was  not  measured  at  1 kHz  for  BB.  At  2 kHz,  EB ' s 
BSR  threshold  was  10  dB  above  normal  (30  dB  HL) , JV' s was 
50  dB  above  normal  (70  dB  HL)  , and  BI3'  s was  normal  (20  dB  HL)  . 
The  hearing  loss  for  BB  is  much  less  than  for  EB  or  JV,  par- 
ticularly at  3 and  4 kHz.  At  4 kHz,  BSR  agrees  better  with 
PT  threshold  than  with  FC  threshold  for  BB  and  JV,  while  for 
EB,  BSR  agrees  better  with  FC  threshold.  The  next  section 
will  examine  these  BSR-PT  relationships  more  closely. 

Latency  Functions 

The  latency  by  intensity  (L-I)  functions  of  the  hearing 
loss  Ss  can  be  compared  to  normals  as  another  means  of 
estimating  the  frequency  regions  along  the  cochlear  partition 
that  contribute  to  the  BSR  (wave  V)  since  the  frequency 
locations  at  which  a severe  hearing  deficit  exists  should 
contribute  minimally  to  the  BSR.  The  relation  between  the 
latency  of  wave  V and  frequency  was  previously  discussed. 
Waveforms  from  subjects  with  hearing  loss  were  generally 
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smaller  in  amplitude  than  those  from  normal  adults.  This 
was  most  apparent  for  the  peaks  occuring  before  wave  V since 
they  were  usually  not  present  even  to  high-intensity,  high- 
frequency  stimuli,  while  wave  V was  observable.  Therefore, 
only  wave  V latencies  were  measured.  The  latencies  of  wave 
V from  subjects  with  hearing  losses  are  plotted  in  Fig.  7. 

The  shaded  areas  show  the  total  range  of  wave  V latencies 
previously  observed  in  the  normal  adult  group.  The  function 
at  1 kHz  for  EB  and  JV  are  within  the  normal  range,  and  their 
PT  thresholds  were  also  normal  at  1 and  2 kHz  (Fig.  6). 
Latencies  for  BJ  were  difficult  to  determine  at  1 kHz  because 
her  response  waveform,  unlike  the  other  subjects,  included 
a frequency-following  component  (FFR)  (Moushegian,  1977) 
which  obscured  latencies.  The  FFR  is  not  evident  above  1.5 
kHz.  Responses  at  1 kHz  were  not  included.  Subjects  SEM 
and  RA  had  no  measurable  1 kHz  BSR  responses,  and  1 kHz  was 
not  measured  for  BB . 

At  2 kHz , EB , BB , and  JV  have  normal  PT  thresholds  as 
shown  in  Fig.  6.  The  latencies  to  2 kHz  FCs  for  BB  are 
slightly  longer  than  normal  at  40  dB  but  fall  within  the 
normal  range  at  higher  intensities.  The  slope  of  the  hearing 
loss  between  2 and  4 kHz  is  much  steeper  for  KB  than  for  BB; 
however,  their  latencies  are  very  similar  at  40  dB.  The 
increase  in  latency  from  60  to  70  dB  for  EB  is  surprising 
and  may  indicate  that  the  latency  at  60  dB  is  underestimated, 
perhaps  due  to  ambiguity  of  the  wave  V peak.  At  70  dB  the 
peaks  are  less  ambiguous.  Of  the  three  subjects,  JV  has 
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the  largest  amount  of  high  frequency  loss  demonstrated  by  the 
PT  audiogram.  The  2 kHz  L-I  function  for  JV  is  somewhat 
different  from  the  others;  the  BSR  threshold  was  55  dB  above 
his  normal  2 kHz  PT  threshold  and  wave  V latencies  are  much 
later  than  normal.  The  latency  at  2 kHz,  70  dB , matches  the 
latency  expected  from  normals  to  1 kHz,  60  dB.  A supra- 
threshold  intensity  series  was  not  performed  for  BJ,  but  the 
threshold  response  is  near  the  lower  limit  of  the  normal  range. 

At  4 kHz,  the  L-I  function  for  BJ  is  in  the  normal  range, 
but  at  70  dB  the  latency  at  4 kHz  is  equal  to  the  70  dB 
latency  at  2 kHz.  Subject  BB 1 s 4 kHz  L— I function  is  above 
the  normal  range  at  the  lowest  intensity  and  approaches  the 
normal  range  at  high  intensities.  The  4 kHz  function  is  very 
similar  to  that  for  2 kHz  except  the  latencies  are  slightly 
longer  at  4 kHz  than  at  corresponding  dB  levels  at  2 kHz. 
Subject  EB  has  an  L-I  function  which  parallels  the  normal 
range  but  does  show  a slight  trend  in  approaching  normal  as 
intensity  is  increased.  Only  one  data  point  was  available  for 
JV  since  the  threshold  response  was  obtained  at  equipment 
limits;  however,  this  threshold  latency  lies  approximately 
where  the  extrapolated  latency  for  EB  at  90  dB  would  be.  The 
latencies  at  4 kHz  for  SEM  are  extremely  long.  They  are  com- 
parable to  wave  V recorded  in  normals  to  a 500  Hz  FC  presented 
at  40  dB  HL  (Klein  and  Teas,  1978). 

In  aeneral , BSR  thresholds  to  BB  clicks  were  within  10  dB 
of  the  lowest  BSR  FC  threshold;,  however,  more  data  are  needed 
before  a meaningful  comparison  can  be  made. 
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Infants 

A total  of  60  infants  were  tested,  25  males  and  35  fe- 
males. No  sedation  was  used.  Of  this  total,  6 would  not 
sleep  on  one  or  more  sessions  and  were  eliminated  from  the 
study;  4 had  very  poor  responses  for  undetermined  reasons  and 
were  eliminated;  20  were  tested  once  and  then  withdrew;  thirty 
infants  were  tested  longitudinally  (more  than  once) . Age  was 
determined  from  date  of  birth  to  date  of  the  experimental 
session  in  weeks . Three  were  from  2 to  4 weeks  premature . 

Their  data  did  not  differ  significantly  from  the  term  infants, 
therefore  they  were  not  differentiated  from  the  rest. 

Waveforms 

The  waveforms  from  infants  in  response  to  BB  clicks  were 
similar  to  those  from  adults,  but  some  differences  could  be 
observed.  Figure  8 shows  waveforms  from  several  infants  and 
adults.  Waveforms  from  3 different  12-week  olds  are  shown  in 
Fig.  8A;  3 different  32- week  olds  in  Fig.  8B;  1 infant  tested 
longitudinally  at  6,  15,  and  26  weeks  in  Fig.  8C;  and  3 dif- 
ferent adults  in  Fig.  8D.  The  most  obvious  difference  between 
the  infant  waveforms  and  those  from  adults  is  the  large 
amplitude  of  waves  I and  III  in  the  infant.  Wave  V-VA  is  the 
largest  wave  in  adults,  however,  many  times  in  infants  wave 
III  is  larger  than  wave  V. 

Intersubject  variability  in  waveforms  from  infants  and 
adults  can  be  observed  in  Fig.  8A,  SB,  and  8D,  and  intrasubject 
variation  across  age  in  Fig.  8C.  Intersubject  variability 
within  age  groups  appears  to  be  less  than  intrasubject 
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variability  across  age,  i.e.,  age  has  the  greater  effect  on 
waveform  shape.  Other  investigators  also  report  changes  in 
waveforms  produced  by  BB  clicks  with  age.  For  example, 

Salamy  and  McKean  (1976)  reported  that  the  infant  BSR  wave- 
form contains  only  waves  I and  V at  birth  and  waves  II  and 
III  begin  to  appear  at  6 to  12  weeks.  Hecox  (1975)  shows  a 
large  wave  III  at  1 day  of  age  which  decreases  in  amplitude 
as  age  increases — a finding  consistent  with  the  present 
study  using  FCs . It  appears  that  there  is  a great  deal  of 
infant  waveform  variability  from  different  laboratories  as 
for  normal  adults,  as  described  above.  This  situation  pre- 
cludes any  meaningful  attempt  to  address  the  question  of  dif- 
ferent findings  reported  from  different  workers. 

Waveforms  to  FCs  change  with  FC  frequency  and  age.  The 
BSR  to  the  8 kHz  FC  in  many  of  the  youngest  infants  has  a 
very  robust  wave  III.  Wave  V is  smaller,  approximately  equal 
in  amplitude  to  wave  I,  or  for  some  Ss , barely  above  noise 
level.  As  the  infant  matures,  the  amplitude  of  wave  V in- 
creases and  equals  wave  III  by  about  one  year.  At  the  youn- 
gest ages,  for  the  1 and  2 kHz  FCs,  wave  V is  equal  to  or 
greater  in  amplitude  than  wave  III,  but  the  relation  varies 
with  individuals,  while  in  adults  wave  V is  nearly  always 
larger  than  wave  III  regardless  of  stimulus.  Representative 
waveforms  for  one  infant  tested  longitudinally  at  6,  15,  26, 
and  48  weeks,  and  an  adult  comparison,  are  shown  in  Fig.  9. 
The  amplitude  of  wave  V to  the  60  dB,  8 kHz  FC  increases 
with  age  while  for  the  60  dB , 2 kHz  FC,  waves  III  and  V are 
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equal  in  amplitude  at  6 weeks  and  remain  equal  as  both  waves 
increase  in  amplitude  with  age.  As  with  BB  clicks,  the  in- 
fant wave  III  at  both  frequencies  is  larger  than  the  adult. 

Table  IV  shows  the  relative  frequency  of  detecting 
each  BSR  component  for  each  stimulus  over  the  entire  sample 
of  observations  from  4 to  48  weeks.  The  numbers  in  paren- 
theses are  adult  values . Over  the  entire  age  range  the 
probability  of  detecting  a response  (POR)  increases  with 
center-frequency  of  the  FC.  Wave  I is  not  detected  at  all 
for  the  1 kHz  FC  at  either  40  or  60  dB,  but  more  than  75%  of 
all  opportunities  yielded  a wave  I for  the  8 kHz  FC.  At  the 
60  dB  intensity,  responses  to  the  4 kHz  FC  were  less  likely 
to  be  detected  than  to  the  2 or  8 kHz  FCs.  At  40  dB  there 
is  a highly  systematic  increase  in  POR  of  BSR  components  as 
FC  frequency  increases.  However,  at  60  dB , waves  III,  V,  and 
VA  are  detected  about  equally  for  the  different  FCs. 

The  adult  values  essentially  follow  the  same  trend  as 
infants;  however,  the  POR  is  usually  slightly  higher  with 
adults.  This  is  most  pronounced  to  the  1 kHz,  40  dB  FC 
where  wave  III  in  infants  has  a POR  of  .21  compared  to  .70 
in  adults. 

Effects  of  Age  on  Latency  (Cross-Sectional) 

Infants  were  grouped  by  age,  over  2 -week  intervals  from 
4 to  19  weeks,  4 -week  intervals  from  20  to  35  weeks,  and  a 
final  group  at  46-48  weeks.  Some  of  these  infants  were  fol- 
lowed longitudinally,  and  others  were  tested  only  once. 
Latencies  of  waves  I,  III,  V,  and  VA  vs  log  age  in  weeks  were 


TABLE  IV.  Probability  of  detecting  a BSR  component  in 
infants  and  adults. 
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plotted  in  scattergraras  for  each  of  the  9 stimulus  conditions. 
The  data  for  2-week  intervals  were  plotted  at  the  upper  week, 
and  the  data  for  4-week  intervals,  at  the  midpoint  of  the 
interval.  Linear  regression  curves  (Y  = m logX  + b)  were 
computed  from  the  latencies  for  each  wave  along  with  the 
standard  error  of  estimate  (SE)  and  are  displayed  in  Figs. 
10-18.  Adult  mean  latencies  and  + 1 SD  are  shown  at  A on 
the  abscissa.  Also  entered  in  association  with  each  curve  are 
1)  the  regression  equation,  2)  the  number  of  responses  obtained 
out  of  the  total  number  of  attempts,  and  3)  the  Pearson  linear 
correlation  coefficient  (r) . The  asterisk  indicates  that  the 
correlation  is  significantly  (p  <.05)  greater  than  zero. 

The  only  significant  correlation  for  wave  I was  found  for 
the  2 kHz  FC  at  both  40  and  60  dB  (Figs.  15—16) . There  was  no 
indication  of  significant  changes  in  wave  I latencies  with  age 
for  the  4 and  8 kHz  FC  or  BB  click  at  either  40  or  60  dB. 

From  the  present  data  it  appears  that  wave  I latency  is  equal 
to  adult  latency  by  5 weeks  of  age  to  4 and  8 kHz  FCs  and  to 
BB  clicks.  For  the  2 kHz  FC,  there  is  a decrease  of  latency 
with  age.  This  decrease  appears  to  asymptote,  for  both  levels, 
at  about  15  weeks  under  visual  inspection  of  the  figures; 
however,  the  regression  line  does  not  reach  the  adult  mean 
until  about  30  weeks.  The  40  dB  adult  data  point,  obtained 
at  a stimulus  repetition  rate  of  10/sec,  might  occur  at  a 
shorter  latency  than  points  obtained  at  30/sec.  At  40  dB , the 
wave  I data  point  for  adults  was  taken  from  Kramer  and  Teas 
(1979)  because  of  the  difficulty  in  obtaining  the  response 


Figs.  10-18.  Effect  of  age  and  stimulus  frequency  on 
latency  of  waves  I,  III,  V,  and  VA.  Each  point  represents 
one  latency  measurement.  The  solid  lines  represent  the 
’ best-fit  regression  described  by  the  equations.  Below 

the  equations  are  entered:  r,  the  correlation  coefficient, 
and,  number  of  responses  detected/number  of  opportunities. 
Asterisk  (*)  indicates  r is  significant  (p<.05).  The 
dashed  lines  indicate  - 1 SE.  On  the  abscissa,  age  is 
represented  logarithmically;  A indicates  adult  target 
latencies  with  bars  showing  t 1 SD.  Stimulus  conditions 
are  indicated  at  the  top  of  the  figures. 
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Fig.  11.  Age  effects  to  8 kHz,  40  dB . See 
legend  on  page  67. 
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Fig.  12.  Age  effects  to  8 kHz,  60  dB.  See 
legend  on  page  67. 
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Fig.  13.  Age  effects  to  4 kHz,  40 
legend  on  page  67. 
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Fig.  14.  Age  effects  to  4 kHz,  60  dB.  See 
legend  on  page  67. 
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Fig.  15.  Age  effects  to  2 kHz,  40  dB . See 
legend  on  page  67. 
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Fig.  16.  Age  effects  to  2 kHz,  60  dB.  See 
legend  on  page  67. 
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Fig.  17.  Age  effects  to  1 kHz, 
legend  on  page  67. 
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Fig.  18.  Age  effects  to  1 kHz,  60  dB . See 
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from  the  present  recordings.  In  infants,  the  PORs  for  wave 
I,  at  2 kHz  40  and  60  dB  are  .28  and  .44,  respectively.  It 
may  be  inappropriate  to  make  infant  and  adult  latency 
comparisons  at  40  dB  because  of  the  small  number  of  data 
points.  Since  a significant  correlation  between  latency  and 
age  suggests  that  a maturational  process  underlies  the 
latency  decrease,  one  should  expect  more  infant  response 
latencies  longer  than  the  adult  (mature)  value  and  fewer 
at  latencies  shorter  than  the  adult  value.  For  wave  I, 

2 kHz,  40  and  60  dB  HL,  the  did  not  permit  the  rejection 
of  a 50-50  split  around  the  adult  latency  (p=.05).  For  wave 
III  the  H:p  = 0.5  could  be  rejected  for  2 kHz,  40  dB  but  not 
at  60  dB.  The  nonparametric , sign  test  was  then  used  to  test 
the  same  null  hypothesis  (H:p=0.5)  and  the  same  outcomes  were 
found.  Thus,  the  possibility  that  the  latencies  of  waves  I 
and  III  to  2 kHz  FCs  are  age-independent  cannot  be  ignored. 

The  regression  lines  of  waves  I,  III,  V,  and  VA  show  a 
trend  of  decreasing  slope  with  increasing  frequency.  These 
data  are  summarized  in  Fig.  19  where  slopes  from  the  regres- 
sion equations  vs  FC  frequency  are  plotted  for  40  and  60  dB 
levels.  The  parameter  is  BSR  peak.  For  each  stimulus 
condition,  the  amount  of  slope  usually  increases  with  the 
order  of  occurance  for  the  waves,  i.e.  wave  I has  the  smallest 
slope  followed  by  wave  III  slope,  wave  V slope,  and  wave  VA 
slope.  Exceptions  are  wave  VA  at  1 kHz,  60  dB;  wave  I at 
2 kHz,  40  dB;  waves  V and  VA  at  1 kHz,  40  dB . The  slopes  at 
1 kHz,  40  dB  are  not  significant;  therefore,  the  slope  of 
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wave  III,  being  larger  than  V and  VA  is  probably  not  real,  but 
rather  a reflection  of  the  large  variability  in  the  data.  The 
significant  slope  for  wave  I at  2 kHz,  40  dB  is  based  on  28 
observations  (POR=0.2  8)  whereas,  the  significant  wave  III 
regression  at  2 kHz,  40  dB  is  based  on  54  observations  (POR= 
0.55)  . 

At  60  dB,  slopes  for  waves  V and  VA  at  4 and  8 kHz  tend 
to  be  larger  than  at  40  dB . The  result  is  that  the  function 
for  wave  V and  VA  across  frequency  is  shallow  at  60  dB  and 
steep  at  40  dB . When  infant  and  adult  latencies  are  compared 
for  wave  V at  4 and  8 kHz,  the  deviations  at  60  dB  are 
greater  than  at  40  dB . 

Regression  equations  for  the  BB  click  (Fig.  10)  were 
compared  to  those  of  FCs.  The  closest  agreement  for  slopes, 
Y-intercepts , and  adult  target  latency  values,  was  with  the 
4 kHz,  60  dB  data  (Fig.  14) . The  one  major  difference 
between  these  two  curves  was  slope  of  wave  III  (-.38  for  the 
BB  click,  and  -.70  for  the  4 kHz  FC) . The  spectra  of  the 
4 kHz  FC  and  BB  click  are  probably  similar  because  the  BB 
click  contains  most  of  its  energy  in  the  4 kHz  region  as  a 
result  of  the  filtering  effects  and  resonances  of  the 
transducer  (TDH-39)  (Davis,  1976)  therefore  the  above  findings 
are  not  surprising. 

Latencies  for  all  waves  in  infants  and  adults  to  the 
8 kHz,  60  dB  FC  are  shorter  than  to  the  BB  click  at  60  dB. 

Although  many  of  the  correlations  were  significant,  only 
a small  percentage  of  the  total  variation  is  accounted  for  by 


81 


age  alone.  The  largest  coefficient  of  determination  (r^)  is 
for  wave  VA  at  2 kHz,  60  dB , and  this  only  contributes  31% 
of  the  total  variance  to  age.  Observation  of  the  data 
suggests  that  intersubject  variability  is  responsible  for 
most  of  the  variance. 

Effect  of  Age  on  Latency  (Longitudinally) 

Data  from  six  of  the  longitudinal  infants  were  compared 
with  the  computed  regression  lines  and  SE  from  the  group  data 
in  the  previous  section.  Figures  20-23  show  results  for  the 
8 and  2 kHz  FC  at  40  and  60  dB.  As  age  increases,  the  data 
points  tend  to  cluster  more  closely  around  the  regression  line 
for  all  stimulus  conditions.  Over  repeated  measurements  on 
the  same  individual  the  latencies  in  relation  to  the  regression 
line  are  consistent  across  stimulus  conditions  and  waves.  For 
example,  the  latencies  for  subject  21  are  below  the  regression 
line  for  every  wave,  to  every  stimulus  condition  and  this 
pattern  is  maintained  across  the  age  range  studied.  On  the 
other  hand,  the  data  points  for  subject  19  cluster  around  the 
regression  line  being  either  slightly  above,  below,  or  right 
on  it.  This  figure  suggests  that  although  there  is  much 
intersubject  variability,  intrasubject  variability  is  small. 

For  the  2 kHz,  40  dB  FC  only  one  out  of  the  six  subjects  had 
a recordable  wave  I (POR=0.17)  but  note  that  the  response 
for  this  S was  recordable  on  every  session.  Thus,  if  a re- 
sponse is  obtained  on  one  session,  the  longitudinal 
observations  suggest  that,  in  future  sessions,  it  will  also  be 
detected.  If  no  response  is  recorded  at  one  session,  it  will 
probably  not  be  detected  in  future  sessions. 


Figs.  20-23.  Individual  longitudinal  data  compared  to 
the  group  regression.  The  solid  lines  are  the  regression 
lines  previously  shown  in  figures  with  corresponding 
stimulus  conditions.  The  dashed  lines  show  ± 1 SE. 
Symbols  represent  measurements  from  6 infants  taken  at 
various  ages  indicated  by  abscissa.  Stimulus  conditions 
are  shown  at  the  top  of  the  figures. 
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Fig.  20.  Longitudinal  data,  8 kHz,  40  dB . 
See  legend  on  page  82 . 
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Fig.  21.  Longitudinal  data,  8 kHz, 
See  legend  on  page  82. 
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Fig.  22.  Longitudinal  data,  2 kHz 
See  legend  on  page  82. 
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Fig.  23.  Longitudinal  data,  2 kHz,  60  dB . 
See  legend  on  page  82 . 
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Intensity  Effects 

The  change  in  latency  of  the  BSR  waves  across  intensity 
was  observed  for  the  4 kHz  FC  because  of  the  intensity  range 
available.  Levels  of  40,  60,  70,  80,  and  90  dB  HL  were 
presented  to  5 infants:  1 — 4-week,  3 — 17-week,  and  1 — 46- 
week  old.  These  data,  along  with  the  normal  adult  means,  are 
presented  in  Fig.  22.  The  data  at  17  weeks  are  the  means  of 
the  three  subjects. 

Infant  and  adult  data  are  essentially  superimposed  for 
the  wave  I function.  The  functions  for  wave  III  are  separated, 
with  the  youngest  infant  deviating  most  from  the  adult  and  the 
oldest  deviating  least.  All  functions  for  wave  III  are  nearly 
parallel  up  to  70  dB  at  which  point  the  curves  plateau  at 
4 weeks,  that  is,  latency  remains  constant  from  70  to  90  dB. 

For  wave  V,  the  curves  for  infants  deviate  from  the  adult  to 
a greater  degree  than  for  wave  III.  At  40  dB , all  infant 
wave  V latencies  are  equal,  and  as  intensity  is  increased, 
the  functions  separate.  The  functions  plateau  for  the  4-week 
old  at  60  dB , and  at  70  dB  for  the  17-week  old.  The  decrease 
in  latency  with  increase  in  intensity  for  the  46-week  old 
does  not  plateau;  however,  the  slope  of  the  change  is  not  as 
steep  as  with  adults.  This  figure  demonstrates  that  low-level 
stimuli  at  times  may  not  effectively  differentiate  between 
infants  of  different  ages  even  though  there  are  differences 
between  the  adult  group. 
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Fig.  24.  Effect  of  intensity  on  latency  of  waves 
I,  III,  and  V.  Stimulus  was  a 4 kHz  FC  presented 
at  30/s  at  the  levels  indicated  at  data  points. 
Stimulus  levels  are  re:  normal  adult  behavioral 
thresholds.  Dark  solid  lines  are  normal  adult 
intensity  functions  and  the  light  lines  are  infants: 
l--4-week  old;  the  mean  of  3 — 17-week  olds;  1--46 
week  old;  identified  by  symbols  on  the  figure. 
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CHAPTER  IV 
DISCUSSION 


In  Chapter  III  data  were  presented  from  normal  adults, 
adults  with  hearing  loss,  and  normal  infants.  The  focus  of 
this  study  is  on  infants.  The  data  from  normal  adults  pro- 
vide a standard  for  the  mature  ear  to  which  infant  responses 
can  be  compared.  The  adult  data  from  persons  with  pure-tone 
losses  afford  another  comparison  for  recognizing  limitations 
in  interpretations  of  the  BSRs  to  FCs . 

The  waveform  of  BSRs  and  the  latencies  of  the  peaks  with- 
in the  waveform  vary  with  center  frequency  of  the  FC,  stim- 
ulus intensity,  audibility  curve,  and  age  of  the  subject. 

The  effect  of  age  on  the  responses  from  infants  appears  to  be 
complicated  and  varies  depending  upon  BSR  peak.  Wave  I showed 
no  change  in  latency  with  age  for  the  high-frequency  FCs  at 
4 and  8 kHz;  however,  there  was  a decrease  in  wave  I latency 
for  the  2 kHz  FC.  In  contrast,  the  wave  V peak  in  response 
to  the  4 and  8 kHz  FCs  showed  a latency  decrease  with  age, 
but,  for  the  1 kHz  FC,  the  latency  of  wave  V did  not  change 
with  age.  Although  the  wave  III  response  was  detectable 
for  1 kHz,  and  these  latencies  decreased  with  age  according 
to  the  slope  (-0.86),  the  correlation  between  latency  and 
age  was  net  statistically  different  from  zero. 
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Unlike'  the  infant  sample,  the  BSRs  from  adults  with 
hearing  losses  failed  to  show  waves  I and  III  prominently 
enough  to  measure,  therefore  only  wave  V was  available  for 
comparisons.  The  assumption  is  made  that,  in  the  adult, 
wave  V parallels  at  a central  site,  the  physiological  output 
that  arises  in  the  cochlea.  Such  an  assumption  does  not 
appear  to  be  valid  for  infants  (see  Fig.  24)  . 

PT  Threshold  and  BSR  Representation 
In  normal  Ss  the  latencies  of  waves  I,  III,  V,  and  VA 
were  shown  to  vary  greatest  with  center  frequency  of  the  FC 
when  presented  at  low  intensities  (Klein  and  Teas,  1978) . 

This  finding  was  also  assessed  on  a group  of  adults  with 
hearing  loss.  The  relations  between  PT  audiogram,  BSR 
threshold,  and  latency  were  examined  for  subjects  with 
steep,  high-frequency  hearing  losses.  Several  studies  have 
now  shown  that  as  stimulus  level  is  increased,  and  wave 
V responses  originate  from  cochlear  regions  more  basally 
located  containing  nerve  fibers  which  have  best  thresholds 
for  high-frequency  stimuli  (Eggermont,  Spoor,  and  Odenthal, 
1976;  Elberling,  1976;  Klein  and  Teas,  1978;  Kramer  and  Teas, 
1979)  . As  stimulus  intensity  is  increased,  a wider  area  of 
the  cochlear  partition  extending  towards  the  base  is  stim- 
ulated. The  evoked  potential  (BSR)  becomes  visible  above 
the  ongoing  physiological  noise  when  enough  neural  tissue 
is  synchronously  stimulated.  Subjects  with  hearing  loss 
required  more  stimulus  energy  to  obtain  a threshold  evoked 
potential.  This  finding  is  consistent  with  the  inference 
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that  there  is  less  responsive  neural  tissue  available 
along  the  cochlear  partition  so  that  a wider  region  of  the 
partition  must  be  stimulated  to  produce  an  identifiable 
response.  Furthermore,  there  should  be  a parallel  between 
the  amount  of  responsive  area  of  the  basal  turn  and  the 
amount  of  hearing  deficit.  One  can  expect  that  the  neural 
activity  originating  from  the  highest  frequency  region 
available  dominates  the  gross  evoked  potential  recorded 
from  extra-cochlear  electrodes  (Teas  et  al. , 1962)  and 
because  of  the  frequency  X distance  relation  along  the 
cochlear  partition,  latencies  will  be  shorter,  as  the  stim- 
ulated areas  extend  toward  the  base.  Results  from  subjects 
with  hearing  loss  at  frequencies  where  PT  thresholds  are 
normal  but  hearing  loss  exists  at  slightly  higher  frequencies 
show  that:  (1)  BSR  - determined  FC  threshold  may  be  ele- 

vated; (2)  wave  V latency  at  the  elevated  BSR  threshold  may 
be  longer  than  normal.  These  findings  are  probably  the  re- 
sult of  the  restricted  responsive  region  along  the  cochlear 
partition  defined  by  the  PT  audiogram.  In  many  cases,  BSR- 
determined  FC  threshold  corresponded  well  with  the  PT 
threshold  in  the  deficit  area  1/2  to  one  octave  above  the 
frequency  of  the  FC  depending  on  intensity  level.  These 
findings  suggest  that  in  normal-hearing  Ss,  cochlear  loca- 
tions basal  to  the  center-frequency  of  the  FC  contribute 
significantly  to  the  BSR,  even  when  FCs  are  presented  at 
intensities  as  low  as  40  dB  HL.  If  one  adds  a correction 
factor  of  about  1/2  octave  to  the  center  frequencies  of  FCs 
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presented  at  40  dB,  and  about  one  octave  for  60  dB , the 
results  more  accurately  parallel  the  PT  threshold  measures. 
This  correction  factor  is  consistent  with  the  findings  of 
Kramer  and  Teas  (1979) . They  showed  that  wave  V latency  to 
a 2 kHz,  40  dB  FC  presented  with  simultaneous,  selective, 
high-pass  masking  remains  unchanged  until  the  low-frequency 
cutoff  of  the  masker  is  lowered  to  3 kHz.  When  the  masker 
was  at  3 kHz,  wave  V latency  increased  suggesting  that  this 
cochlear  region  contributes  significantly  to  BSR  recorded 
to  the  2 kHz,  40  dB  FC.  Furthermore,  the  data  from  subject 
RA  suggests  that  BSRs  cannot  be  obtained  from  apical  cochlear 
locations  responsive  to  PTs  below  approximately  750  Hz. 

Waveforms 

For  all  stimulus  conditions  in  which  wave  I could  be 
recorded,  its  amplitude  in  infants  was  larger  than  in  adults, 
however,  this  relation  was  not  measured  in  detail.  The 
skull  of  the  infant  contains  many  areas  of  incomplete 
ossification,  or  fontanels;  one  fontanel  is  located  in  the 
mastoid  region.  As  the  skull  ossifies,  the  neuroelectric 
activity  from  the  brain,  recorded  at  the  scalp,  can  be 
attenuated.  The  electrodes  may  be  closer  to  the  source  of 
the  potential  in  infants  and  the  orientation  of  the  electrical 
field  with  respect  to  the  electrodes  also  may  be  different 
resulting  in  a larger  signal  at  the  scalp  electrode. 

Wave  III  was  also  observed  to  be  large  in  amplitude 
which  decreased  with  age.  Some  anatomical  support  for  the 
large  wave  III  response  in  infants  may  come  from  the  report 
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by  Strominger  and  Hurwitz  (1975)  describing  SOC  cells  in 
human  infants  as  more  numerous,  larger,  and  more  densely 
packed  than  those  found  in  the  adult.  It  is  speculative 
as  to  whether  all  SOC  cells  in  the  infant  are  functional, 
but  if  they  are,  one  might  expect  a more  synchronous  gross 
response  composed  of  more  neural  elements,  hence,  a larger- 
amplitude  evoked  potential.  As  the  organism  matures,  the 
SOC  differentiates  and  enlarges,  cell  density  decreases, 
and  the  number  of  cells  decreases  perhaps  due  to  normal 
attrition  with  age.  Each  peak  in  the  BSR  has  been  reported 
to  represent  activity  from  successive  auditory  brainstem 
nuclei  (Jewett  and  Williston,  1970;  Buchwald  and  Huang, 

1975;  Starr  and  Hamilton,  1976);  however,  activity  from 
multiple  adjacent  sources  can  produce  complicated  resultants 
due  to  additive  effects  within  the  gross  response  recorded 
from  the  scalp.  Activity  from  neural  masses  adjacent  to  the 
source  of  wave  III  could  make  wave  III  larger  in  infants  than 
in  adults  if  orientation  of  the  electrical  fields  are  dif- 
ferent. The  age  at  which  the  infant  wave  III  decreases  to 
adult  values  is  sometime  beyond  the  age  range  covered  in 
this  study. 

Wave  V amplitude  increased  with  age.  The  greatest  change 
was  seen  to  the  8 kHz  FCs  which  produced  very  low-amplitude 
wave  Vs  in  the  youngest  infants.  The  amplitude  of  wave  V 
to  2 kHz  FCs  increased  slightly  with  age  and  many  times  it 
exceeded  the  response  to  8 kHz  FCs  from  the  same  infant;  this 
was  never  observed  in  adults.  Since  amplitude  was  not 


studied  quantitatively,  it  cannot  be  determined  at  what 
age  wave  V is  equal  in  amplitude  to  adults,  but  a qualitative 
appraisal  of  the  waveforms  suggested  that  wave  V amplitude 
to  2 kHz  FCs  equals  adults  quite  early  in  the  age  range 
studied,  while  to  8 kHz  FCs,  adult  amplitude  may  not  be 
obtained  until  sometime  after  one  year.  The  wave  V potential 
is  thought  to  be  correlated  with  activity  from  the  inferior 
colliculus  (IC)  (Buchwald  and  Huang,  1975;  Starr  and  Hamilton 
1976) . If  future  research  proves  this  interpretation  correct 
then  changes  in  wave  V would  be  one  measure  of  maturation  of 
the  IC.  Increasing  amplitude  of  V may  reflect  a progression 
in  nerve  fiber  myelination  and  an  increasing  number  of  active 
neural  elements.  Rorke  and  Riggs  (1969)  showed  that  the  IC 
in  human  neonates  has  few  myelinated  fibers.  In  kittens, 
Aitkin  and  Moore  (1975)  found  predominantly  low 
characteristic  frequency  (CF)  units  with  very  few  high 
CF  units  when  recording  from  the  IC.  These  findings 
may  support  the  present  data  on  wave  V to  FCs  suggesting 
the  possibility  of  a low-  to  high-frequency  (tonotopic) 
maturational  pattern  in  brainstem  auditory  pathways. 

Latency 

Adults 

The  normal  adult  latency-intensity  functions  (L-I) 

(Fig.  3)  indicated  that  at  the  highest  intensity,  all 
latencies  regardless  of  stimulus  frequency,  are  equal  to 
the  8 kHz  latency  for  each  respective  wave.  This  confirms 
the  prediction  by  Klein  and  Teas  (1978)  who  showed  a trend 
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for  latency  convergence  at  the  highest  intensity  (60  dB  HL) . 
Thus,  stimulus  intensities  produce  brainstem  potentials 
which  originate  from  most  basal  cochlear  locations  irrespec- 
tive of  stimulus  frequency;  frequency  resolution  is  lost 
at  strong  intensities.  The  lowest  stimulus  level  provides 
the  greatest  frequency  resolution,  but  with  a lesser  prob- 
ability of  obtaining  a response  and  a larger  variance. 

Results  from  this  study  showed  that  normal  adult  BSR 
waves  I,  III,  V,  and  VA  maintain  a fairly  constant  interpeak 
time  interval  for  all  stimulus  conditions.  The  range  of 
wave  V-I  intervals  across  all  stimulus  conditions  covers 
about  0.5  ms  which  may  be  within  the  expected  variance. 

In  an  earlier  report  (Klein  and  Teas,  1978)  it  was  suggested 
that  the  wave  V-I  interval  may  decrease  as  frequency  is 
decreased.  This  is  not  supported  in  the  present  findings. 
Coats  et.al.  (1979)  reported  finding  that  the  wave  V-N^ 
interval  is  intensity  and  frequency  dependent.  At  low 
intensity,  the  interval  is  about  1.8  ms  to  a 1 kHz  FC  and 
4.3  ms  to  a 8 kHz  FC.  At  high  intensities,  the  1 kHz  wave 
V-N]_  interval  is  3.8  ms,  and  4.1  ms  at  8 kHz.  Kramer  and 
Teas  (1979)  reported  that  the  wave  V-N^  interval  to  a 70  dB , 
BB  click  is  0.36  ms  longer  than  to  a 40  dB , 2 kHz  FC.  Both 
Coats  et  al. , and  Kramer  and  Teas  used  an  ear  canal  electrode 
to  record  N^.  This  electrode  provides  a more  detailed  view 
of  the  VIII  nerve  response  (N-^)  and  may  be  more  sensitive  to 
slight  latency  changes  than  wave  I.  For  purposes  of  the 
present  study,  it  will  be  assumed  that  the  wave  V-I  interval 
is  constant  across  stimulus  parameters. 
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Infants 

The  age-related  changes  in  latency  in  BSRs  from  infants 
vary  with  BSR  peak.  In  general,  the  latency  of  wave  I to 
high-frequency  FCs  does  not  change  with  age  while  the 
latencies  of  wave  V peaks  do.  This  is  consistent  with  other 
findings  (Salamy  et  al . , 1975;  Salamy  and  McKean,  1976). 
However,  for  the  1 kHz  FC,  wave  V latency  does  not  change 
with  age.  Wave  I is  not  detectable  to  the  1 kHz  FC,  and 
although  2 kHz  does  elicit  a wave  I,  its  POR  is  0.29,  and 
the  variability  is  higher  than  for  4 or  8 kHz.  The  cor- 
relation between  latency  and  age  for  wave  I to  the  2 kHz 
FC  was  significant,  however. 

Thus,  for  high  frequencies  the  data  show  a caudorostral 
sequence  of  maturation.  Low  frequencies  are  clearly  different, 
both  at  wave  I and  wave  V,  from  high  frequencies.  The  in- 
crease in  variability  of  wave  I latency  for  the  responses 
to  the  2 kHz  FC  also  suggests  caution  in  close  interpretation. 
Since  the  later  BSR  peaks  show  clear  evidence  of  maturational , 
or  age-related  latency  decreases,  inferences  about  cochlear 
maturational  changes  should  be  based  on  the  earliest  peaks 
available,  viz,  in  this  study,  wave  I.  However,  the  low- 
frequency  FCs  elicit  wave  Is  with  low  PORs  and  high  varia- 
bility. The  later  peaks,  in  particular  wave  V,  are  elicited 
with  PORs  comparable  to  adults.  Therefore,  the  high- 
frequency  FCs  produce  a full  complement  of  BSR  peaks  (waves 
I,  III,  and  V)  and  the  low-frequency  FCs  produce  only  waves 
III  and  V.  Table  V represents  a ranking  of  confidence  in 


TABLE  V.  Reliability  rating  of  BSR  peaks. 


WAVES 


FREQ. (kHz) 

I 

III 

V 

8 

++ 

++ 

++ 

4 

++ 

++ 

++ 

2 

- 

+ 

++ 

1 



— 

+ 

++  Excellent,  POR>  0.8 
+ Good,  POR  >0.5 

Fair,  POR  >0.2 

Poor,  POR  <0.1 
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the  reliability  of  BSR  peaks  based  principally  on  the  POR 
but  also  the  interpretation  of  the  experimenter.  From  these 
rankings  one  can  see  that  inferences  about  cochlear  matura- 
tion based  on  wave  I latency  must  be  made  cautiously  since 
the  full  frequency  range  is  not  available.  The  present 
data  show  that  broad  statements  such  as,  "BSRs  from  infants 
show  the  presence  of  a high-frequency  hearing  loss"  may  be 
incorrect.  The  high-frequency  FCs  produce  wave  I responses 
with  latencies  that  are  similar  to  adult  values;  the  lag  in 
latencies  is  shown  to  occur  at  central,  not  at  peripheral 
sites.  The  problem  appears  to  be  more  complicated  than 
broad  statements  like  that  above  imply.  Even  though  waves 
III  and  V in  response  to  high-frequency  stimuli  show  a 
developmental  trend  progressing  toward  adult  values,  the 
wave  V latency  to  the  1 kHz  FC  is  similar  to  the  adult  value 
and  does  not  decrease  v/ith  age.  One  might  then  assume  that 
the  responsive  high-frequency  regions  at  central  sites  (V) 
are  undergoing  developmental  changes  (even  though  cochlear 
regions  are  not)  but  that  the  central  regions  responding  to 
low  frequencies  are  mature.  In  this  view,  one  might  assume 
that  the  entire  cochlear  partition  is  fully  mature  and  is 
responding  as  in  the  adult.  However,  the  wave  I data  at 
2 kHz,  while  showing  a low  value  for  POR,  are  still  suggestive 
of  a relation  between  latency  and  age.  While  these  changes 
might  be  due  to  cochlear  maturation,  developmental  changes 
in  the  external  canal  and  middle  ear  might  alter  their 
resonance  and  result  in  a progressive  increase  in  effective 
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intensity  at  the  stapes  leading  to  a decrease  in  latency 
with  age  due  to  intensity.  Even  though  the  latency 
decreases  at  2 kHz  might  be  due  to  changes  in  intensity, 
the  apparently  mature  wave  V response  at  1 kHz  40  dB  presents 
a problem  in  interpretation  that  is  similar  to  a 
paradox  observed  and  addressed  by  others.  Consistent  find- 
ings in  animal  preparations  (kittens  and  chicks) , whether 
recording  from  the  round  window  and  CN  (Brugge,  Javel,  and 
Kitzes,  1978;  Saunders  et  al.,  1973),  the  IC  (Aitkin  and 
Moore,  1975)  , or  the  cortex  (Pujol  and  Marty,  1968)  are  that 
responses  to  predominantly  low-frequency  stimuli  are 
obtained  at  the  earliest  ages  with  high-frequency  responses 
occurring  later  in  the  development  cycle.  The  paradox  is 
that  these  low-frequency  responses  are  obtained  even  though 
apical  cochlear  regions  maximally  responsive  to  those 
frequencies  are  poorly  developed.  Basal  regions,  usually 
responsive  to  high-frequency  stimuli,  are  quite  mature,  yet 
few  high-frequency  physiological  and  behavioral  responses 
are  obtained.  No  solid  explanations  have  been  offered. 

Perhaps  Pujol  summed  up  the  situation  when  he  wrote  "These 
characteristics  of  the  beginning  of  sound  sensibility  (sic) 
may  perhaps  lead  to  the  reconsideration  of  certain  aspects 
of  the  physiology  of  hearing  in  adult  mammals..."  (Pujol 
and  Marty,  1968)  . A major  difference  between  the  human 
infant  and  animal  studies  is  that  in  animals,  the  VIII  th 
nerve  response  is  best  recordable  to  low-frequency  stimuli 
and  difficult  to  elicit  to  high  frequencies,  while  in  infants, 
wave  I has  normal  responsivity  to  high  frequencies. 
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A possible  explanation  in  support  of  the  immature- 
cochlear  hypothesis  could  be  that  low  frequencies  are  trans- 
duced in  the  mature  basal  turn;  however,  one  still  must 
account  for  the  absence  of  an  age  effect  to  1 kHz  40  dB  FCs. 
It  is  possible  that  there  is  an  age  effect,  but  it  is 
obscured  by  the  large  variability  of  the  data.  At  1 kHz, 

60  dB,  there  is  a small  but  significant  age  effect  on  waves 
III,  V,  and  VA  though  it  cannot  be  determined  if  this  is 
due  to  central  and/or  peripheral  maturation  without  wave  I 
data.  More  basally  located  fibers  can  be  stimulated  by  the 
1 kHz  FC  presented  at  60  dB  than  at  40  dB , therefore,  the 
latency  change  with  age  seen  at  60  dB  may  be  due  to  stim- 
ulation of  the  same  tissue  primarily  responsive  to  high- 
frequency  stimuli. 

The  frequency  and  age  effects  on  wave  III  and  V are 
consistent  with  a tonotopic  maturational  sequence  in  the 
CAS . The  data  suggest  that  pathways  in  the  CAS  which 
carry  low-frequency  information  reach  maturation  before 
high-frequency  pathways.  The  decrease  in  wave  V latency 
with  age  to  BB  clicks  has  been  previously  observed  (Salamy 
et  al.,  1975;  Salamy  and  McKean,  1976;  Hecox  and  Galambos, 
1974)  and  associated  with  maturation  in  the  CAS  such  as 
myelination,  synaptogenesis , and  change  in  fiber  diameter 
(Salamy  and  McKean,  1976) . These  developmental  processes 
may  be  responsible  for  the  longer  wave  III  and  V latencies 
of  the  present  data,  but  this  requires  histological  con- 
firmation. Whatever  developmental  changes  occur,  they  appear 
to  proceed  in  a tonotopic  manner. 
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The  relationship  between  delayed  latency  of  waves  III 
and  V and  auditory  sensitivity  or  responsivity  in  infants 
remains  obscure.  All  normal  adult  subjects  showed  a de- 
crease in  latency  of  all  BSR  peaks  with  increase  in  inten- 
sity up  to  90  dB  HL.  This  differs  from  the  findings  from 
infants  (Fig.  24)  where  it  was  shown  that  latency  of  wave 
I to  4 kHz  FCs  behaves  as  with  normal  adults  while  for 
waves  III  and  V,  latencies  plateau  at  levels  of  60  dB  for 
the  youngest  infant.  Thus,  in  normal  adults  the  L-I 
functions  for  waves  I,  III,  and  V are  fairly  parallel 
across  the  intensity  range  used,  but  in  infants,  changes 
in  latency  occurring  in  the  cochlea  (wave  I)  may  not  be 
reflected  at  more  central  sites.  Subjects  with  hearing 
loss  did  not  provide  observable  wave  Is,  but  observations 
on  wave  V,  as  with  normal  adults,  showed  a consistent 
decrease  in  latency  as  intensity  increased  (the  absolute 
latency  values  may  have  been  longer  than  normal).  Thus, 
the  delayed  latencies  of  waves  III  and  V in  infants  can- 
not be  simply  attributed  to  conditions  at  the  periphery 
as  done  with  hearing  loss  Ss  and  not  necessarily  indica- 
tive of  a "hearing  deficit."  However,  a reduced 
responsivity  to  high  frequencies  cannot  be  ruled  out 
either.  The  EMG  data  from  infants  does  suggest  greater 
responsiveness  to  low-frequency  stimuli  than  to  high 
frequencies  (Hutt  et  al. , 1968).  From  an  ontogenetic  point 
of  view,  the  most  important  stimuli  to  the  infant  are  low- 
frequency  ones:  mother's  heartbeat,  speech,  and  cooing  or 
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humming.  These  stimuli  are  reported  to  sooth  and  comfort 
the  infant  (Bench,  1969;  Birns,  Blank,  Bridger  and 
Escalona,  1965)  and  therefore  may  be  of  evolutionary 
importance.  High  frequencies  are  of  lesser  importance  in 
the  infant's  environment  until  late  in  the  first  year  of 
life  when  the  motor  and  neural  mechanisms  for  speech  pro- 
duction reach  readiness.  If  the  last  segment  of  the  cochlea 
to  reach  maturity  is  the  apical  turn,  perhaps  the  CAS  path- 
ways associated  with  these  apical  locations  are  ready  to 
conduct  sometime  before  the  cochlea  can  transduce  the  in- 
formation. With  this  compensation,  no  further  time  would 
be  lost  once  the  cochlea  reaches  maturity,  and  low  frequencies 
would  be  processed  quite  early  in  the  developmental  cycle. 

A trend  was  observed  for  low  (caudal)  brainstem  struc- 
tures represented  by  wave  III  to  mature  before  higher 
(rostral)  ones  represented  by  wave  V.  This  is  consistent 
with  reports  that  the  IC  lags  lower  brainstem  structures  in 
degree  of  myelination  in  the  newborn  infant  (Rorke  and  Riggs, 
19  69)  . The  tonotopic  developmental  sequence  was  present  for 
wave  III  as  well  as  for  V.  Histological  data  confirming  a 
tonotopic  maturational  sequence  are  unavailable. 

Wave  VA  requires  a slightly  longer  time  to  attain  adult 
latency  than  wave  V but  this  was  not  a consistent  feature. 
Until  the  source  of  wave  VA  is  determined,  its  importance 
in  the  developmental  picture  is  uncertain.  In  clinical  BSR 
audiometry  wave  VA  may  be  quite  useful  in  determining  the 
presence  of  a response.  The  probability  of  detecting  wave 
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VA  was  not  much  different  from  wave  V;  however,  the 
criteria  used  to  identify  a response  as  present  in  this 
study  was  oriented  toward  obtaining  a readable  latency. 

With  less  strict  criteria  in  a clinical  situation,  wave  VA 
might  be  a more  reliable  indicator  of  response  presence  than 
wave  V. 

Threshold  Determination  by  BSR 
Data  from  subjects  with  hearing  loss  demonstrated  that 
latency  of  wave  V at  elevated  BSR  threshold  may  still  be 
within  the  normal  latency  range,  or  threshold  latency  may 
be  longer  than  normal  but  decreases  to  within  the  normal 
range  at  suprathreshold  levels.  This  effect  has  been  inter- 
preted as  a physiological  indicator  of  recruitment,  a common 
phenomenon  found  in  the  BSR  recorded  from  ears  with  cochlear 
hearing  loss  (Picton  et  al. , 1977) . One  proposed  mechanism 
responsible  for  recruitment  in  the  gross  VIII  nerve  response 
(rapid  increase  in  amplitude  or  decrease  in  latency  with 
increase  in  intensity)  is  the  addition  of  more  nerve  fibers, 
which  terminate  on  hair  cells  located  in  the  basal  turn,  as 
stimulus  intensity  is  raised  (Ozdamar  and  Dallos,  1976). 
Since  wave  V reflects  activity  originating  at  the  periphery, 
the  recruitment  phenomenon  may  be  observed  at  brainstem 
levels.  This  physiological  recruitment  (via  latency  of 
wave  V)  was  best  shown  by  subject  BJ  who  had  a fairly  flat 
hearing  loss  at  60  dB  from  1 to  4 kHz.  For  those  subjects 
with  profound  high-frequency  losses  recruitment  of  latency 
was  incomplete  to  high-frequency  FCs  even  at  the  highest 
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intensity  levels.  For  these  subjects  (see  Fig.  7,  1 and 
4 kHz,  subjects  B13,  JV,  and  EB)  , little  or  no  latency  re- 
cruitment was  observed;  the  L-I  functions  appeared  above 
and  nearly  parallel  to  the  normal  function,  a character- 
istic usually  found  in  subjects  with  pure  conductive  hear- 
ing loss  (Picton  et  al.,  1977).  Behaviorally , recruitment  is 
defined  as  a rapid  increase  in  the  sensation  of  loudness 
to  small  increases  in  stimulus  intensity.  A common 
audiological  test  for  loudness  recruitment,  when  a patient 
has  a unilateral  hearing  loss,  is  the  Alternate  Binaural 
Loudness-Balance  Test  (ABLB)  introduced  by  Fowler  (1928) . 
Complete  loudness  recruitment  occurs  when  the  loudness  of 
a tone  delivered  to  the  ear  with  a loss  can  be  matched  to 
the  loudness  of  the  same  tone  in  the  other  (normal)  ear  by 
increasing  the  stimulus  intensity.  In  many  patients  with 
cochlear  hearing  loss,  complete  loudness  recruitment  is  not 
demonstrated  by  tests  such  as  ABLB.  The  relation  between 
loudness  recruitment  and  wave  V latency  is  not  known  at  this 
time.  Future  research  may  determine  if  a correlation  exists. 

The  BSR  results  when  used  for  clinical  evaluation  of 
hearing  loss  must  be  interpreted  with  caution.  For  example, 
if  subject  BJ  was  tested  only  by  BSR  at  4 kHz,  60  dB , and 
wave  V latency  was  used  as  a criterion  for  normal  hearing, 
she  could  have  been  diagnosed  as  normal.  Therefore,  BSR 
threshold  value  should  be  obtained  in  addition  to  latency 
of  wave  V at  several  different  intensities.  The  BSR  findings 
should  be  considered  in  conjunction  with  other  tests  such  as 
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middle-ear  impedance  (tympanograms  and  stapedial  reflex) , 
behavioral  responses,  and  the  patient's  history  in  order 
to  provide  the  most  accurate  diagnosis. 

When  using  the  BSR  for  assessment  of  hearing  in 
infants,  the  L-I  function  for  wave  V is  dependent  upon  the 
age  of  the  infant,  whereas  the  L-I  function  for  wave  I is 
not  age  dependent  (Fig.  4) . If  the  wave  V L-I  function  is 
used,  a norm  must  be  established  for  each  age  group.  In 
using  wave  I,  the  L-I  function  established  for  adults  would 
suffice  for  infants  as  well.  Mendelson,  Salamy,  Lenoir,  and 
McKean  (1979)  recommend  that  wave  I be  used  rather  than 
wave  V for  testing  infants  because  of  age-independence  and 
good  reliability.  The  difficulty  in  using  only  wave  I is 
that  at  low  intensities,  wave  I is  difficult  to  record. 
Perhaps  the  best  procedure  for  infants  is  to  obtain  L-I 
functions  for  wave  I and  wave  V.  If  the  wave  I function  is 
normal  and  the  wave  V function  is  abnormal  this  could  be  an 
indicator  of  a maturational  lag  in  the  central  nervous 
system  (CNS)  and  suggests  that  the  infant  should  be  moni- 
tored periodically. 

Summary  and  Conclusions 

1.  Filtered  click  stimuli  produce  the  most  frequency 
specific  responses  at  the  lowest  intensities  and  least 
specific  at  the  highest  intensities.  An  exact  relation 
between  PT  threshold  and  corresponding  frequency  FC-evoked 
BSR  threshold  does  not  exist.  The  data  suggests  that  when 
FCs  are  presented  at  40  dB  HL,  the  region  along  the  cochlear 
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partition  stimulated  is  approximately  1/2  octave  higher 
than  the  center-frequency  of  the  FC;  at  60  dB  HL  the 
stimulated  area  is  about  one  octave  higher;  above  70-80 
dB  HL  all  FCs  stimulate  the  same  basal  location.  It  is 
questionable  whether  BSRs  can  be  obtained  from  cochlear 
regions  responsive  to  frequencies  below  500  to  1000  Hz. 

2.  The  cochlea  in  infants  is  mature  at  the  basal  turn 
and  at  least  up  to  the  region  maximally  responsive  to 
approximately  1.5  kHz  by  one  month  postnatally  and  per- 
haps sooner.  Little  is  known  about  the  extreme  apical 
turn . 

3.  The  central  auditory  pathways  are  not  fully  mature 
until  some  time  after  one  year  of  age.  Brainstem  pathways 
which  carry  low-frequency  information  appear  to  reach 
maturity  by  one  month  of  age,  while  high-frequency  path- 
ways are  still  immature  at  one  year  of  age.  More  caudal 
brainstem  structures  represented  by  III  mature  before 
rostral  brainstem  structures  represented  by  V. 

4.  It  is  not  clear  what  effect  the  delayed  latencies  on 
waves  III  and  V have  on  responsivity  to  high-frequency 
stimuli  in  infants  but  data  from  other  studies  suggest  that 
it  is  reduced  compared  to  low  frequencies. 

5.  In  using  the  BSR  for  clinical,  threshold  determination, 
both  threshold  intensities  and  L-I  functions  should  be 


obtained . 


REFERENCES 


Aitkin,  L.M.  and  Moore,  D.R.  "Inferior  colliculus.  II. 

development  of  tuning  characteristics  and  tonotopic 
organization  in  central  nucleus  of  the  neonatal  cat," 

J . of  Neurophysiol.  38:  1208-1216,  1975. 

Anson,  B.J.  "Embryology  and  anatomy  of  the  ear,"  in 

Otolaryngology,  Vol . 1,  Basic  Sciences  and  Related 
Disciplines , ed.  by  M.  Paparella  and  D.  Shumrick 
(W.D.  Saunders , Phila.),  pp.  3-74,  1973. 

Barnett,  A . B . and  Goodwin,  R.S.  "Averaged  evoked  EEG  re- 
sponses to  clicks  in  the  human  newborn,"  EEG  and 
Clin.  Neurophysiol.  18:  441-450,  1965. 

Bench,  J.  "Some  effects  of  audio-frequency  stimulation  on 

the  crying  baby,"  J.  of  Aud.  Research  9:  122-128,  1969. 

Berg,  W.K.,  Silverstein,  L.D.,  Verzij 1-Tweed , N.,  and 

Clarkson,  M.  "Enhanced  cardiac  decelerations  to  near- 
threshold stimuli  in  infants,"  Psychophysiology  14: 

98,  1977. 

Birns,  B.,  Blank,  M.,  Bridger,  W.H.,  and  Escalona,  S.K. 
"Behavioral  inhibition  in  neonates  produced  by  au- 
ditory stimuli,"  Child  Develop.  36:  639-645,  1965. 

Bradford,  L.J.  "Respiration  audiometry,"  in  Physiological 
Measures  of  the  Audio-Vestibular  System,  ed.  by  L.J. 
Bradford  (Academic  Press,  New  York),  pp.  249-317,  1975. 

Bredberg,  G.  "Cellular  pattern  and  nerve  supply  of  the 

human  organ  of  Corti , " Acta  Oto-Laryngol . Suppl.  236, 
1968. 

Brugge,  J.F.,  Javel,  E.,  and  Kitzes,  L.M.  "Signs  of  function- 
al maturation  of  peripheral  auditory  system  in  dis- 
charge patterns  of  neurons  in  anteroventral  cochlear 
nucleus  of  kitten,"  J,  of  Neurophysiol.  41:  1557-1579, 

1978. 

Buchwald , J.  and  Huang,  C.  "Far-field  acoustic  responses: 
origins  in  the  cat,"  Science  189:  382-384,  1975. 

Chiappa,  K.H.,  Gladstone,  K.J.,  and  Young,  R.R.  "Brain  stem 

auditory  evoked  responses.  Studies  of  waveform  variation 
in  50  normal  human  subjects,"  Arch.  Neurol.  36:81-87, 

1979. 


108 


Clarkson,  M.  and  Berg,  W.K.  "Cardiac  deceleration  in  neo- 
nates is  influenced  by  temporal  pattern  and  spectral 
complexity  of  auditory  stimuli,"  Psychophysiology  15: 
284  (3)  , 1978. 

Coats,  A.C.,  Martin,  J.L.,  and  Kidder,  H.R.  "Normal  short- 
latency  electrophysiological  filtered  click  responses 
recorded  from  vertex  and  external  auditory  meatus," 

J.  Acoust.  Soc.  Am.  65:  747-758,  1979. 

Cohen,  E.S.  Synaptic  Organization  of  the  Caudal  Cochlear 

Nucleus  of  the  Cat:  A Light  and  Electron  Microscopical 
Study,  Ph.D.  dissertation.  Harvard  Univ. (Cambridge, 

Mass . ) , 1972 . 

Davis,  H.  "Principles  of  electric  response  audiometry," 

Ann.  Otol.  Rhinol.  Laryngol.  Suppl.  28:  5-96,  1976. 

Davis,  H.  and  Hirsh,  S.K.  "The  audiometric  utility  of  brain 
stem  responses  to  low  frequency  sounds,"  Audiology 
(Basal)  5:  181-195,  1976. 

Don,  M. , Allen,  A.R. , and  Starr,  A.  "Effect  of  click  rate 
on  the  latency  of  auditory  brain  stem  responses  in 
humans,"  Ann  Otol.  Rhinol.  Laryngol.  86:  186-196,  1977. 

Eggermont,  J.,  Spoor,  A.,  and  Odenthal , D.  "Frequency  spe- 
cificity of  tone-burst  electrocochleography , " in 
Electrocochleography , ed.  by  R. Ruben,  G.  Salomon,  and 
C.  Elberling  (Univ.  Park  Press,  Baltimore),  pp.  215- 
246,  1976. 

Eisenberg,  R.B.  Auditory  Competance  in  Early  Life  (Univ. 

Park  Press,  Baltimore),  1976. 

Elberling,  C.  "Action  potentials  recorded  from  the  ear  canal 
in  man,"  Scand.  Audiology  3:  13-19,  1974. 

Elberling,  C.  "High  frequency  evoked  action  potentials  re- 
corded from  the  ear  canal  in  man,"  Scand.  Audiology 
5:  157-164,  1976. 

Engel,  R.  and  Young,  N.  "Calibrated  pure  tone  audiograms  in 
normal  neonates  based  on  evoked  EEG  responses," 
Neuropadiatrie  1:  149-160,  1969. 


Fowler,  E.P.  "Marked  deafened  areas  in  normal  ears,"  Arch 
of  Otolaryngol.  8:  151-155,  1928. 

Gerken,  G.M.  "Brainstem  evoked  potentials  and  auditory  anal- 
ysis of  single  cycle  transients,"  in  Evoked  Electrical 
Activity  in  the  Auditory  Nervous  System , ed . by  R . F . 
Naunton  and  C.  Fernandez  (Academic  Press,  New  York), 
pp.  409-413,  1978. 


109 


Hecox,  K.  "Electrophysiological  correlates  of  human  auditory 
development,"  in  Infant  Perception:  From  Sensation  to 
Cognition,  Vol.  II,  Perception  of  Space,  Speech,  and~ 

Sound,  ed.  by  L.B.  Cohen  and  R.  Salapatek  (Academic 
Press , New  York) , pp.  151-191,  1975. 

Hecox,  K.  and  Galambos,  R.  "Brainstem  auditory  responses  in 
human  infants  and  adults,"  Arch,  of  Otolaryngol.  99: 

30-33,  1974. 

Hutt,  S.U.,  Hutt,  C.,  Lenard,  H.G. , Bernuth,  H.W. , and  Munt- 

jewerff,  W.J.  "Auditory  responsivity  in  the  human  neonate," 
Nature  218:  888-890,  1968. 

International  Organization  for  Standardization.  ISO  Recommen- 
dation, R389,  Standard  Reference  Zero  for  Calibration  of 
Pure-Tone  Audiometers.  Switzerland,  1964 . 

Jewett,  D.,  Romano,  M. , and  Williston,  J.  "Human  auditory 

evoked  potentials:  possible  brainstem  components  detec- 

ted on  the  scalp,"  Science  167:  1517-1518,  1970. 

Jewett,  D.  and  Williston,  J.  "Auditory-evoked  far  fields  averaged 
from  the  scalp  of  humans,"  Brain  94:  681-696,  1971. 

Kane,  E.C.  "Octopus  cells  in  the  cochlear  nucleus  of  the  cat: 
heterotypic  synapses  upon  homeotypic  neurons,"  Inter . 

J.  Neurosci.  5:  251-279,  1973. 

Keith,  R.W.  "Impedance  audiometry  with  neonates,"  Arch,  of 
Otolaryngol . 97:  465-467,  1973. 

Keith,  R.W.  "Middle  ear  function  in  neonates,"  Arch,  of 
Otolaryngol . 101:  376-379,  1975. 

Kirikae,  I.  Structure  and  Function  of  the  Middle  Ear  (Tokyo 
Univ.  Press,  Tokyo) , 1960 . 

Klein,  A.J.  The  Use  of  Filtered  Clicks  in  Brain  Stem  Electric 
Response  Audiometry^  M.A.  thesis,  Univ.  of  Fla.  (Gaines- 
ville^ Fla . ) , 1976. 

Klein,  A.J.,  Kramer,  S.K.,  and  Teas,  D.C.  "Acoustic  brainstem 
responses  in  adults  and  infants,"  J.  Acoust,  Soc.  Amer. 

64,  Suppl.  1 (S66) , 1978. 

Klein,  A.J.  and  Teas,  D.C.  "Acoustically  dependent  latency 
shifts  on  BSER  (wave  V)  in  man,"  J.  Acoust.  Soc.  Amer. 

63:  1887-1895,  1978. 

Kramer,  S.K.  and  Teas,  D.C.  "BSR  (wave  V)  and  Nx  latencies 
in  response  to  acoustic  stimuli  with  different  band- 
widths,"  J.  Acoust.  Soc.  Amer.  in  press,  1979. 


110 


Lenard,  H.G.  , Bernuth,  H.V.,  and  Hutt,  S.J.  Acoustic  evoked 
responses  in  newborn  infants:  the  influence  of  pitch  and 
complexity  of  the  stimulus,"  EEG  and  Clin.  Neurophysiol. 

27:  121-127,  1969. 

Lev,  A.  and  Sohmer,  H.  "Sources  of  averaged  neural  responses 
recorded  in  animal  and  human  subjects  during  cochlear 
audiometry  (Echog) Arch.  Klin,  exp  Ohr— Nas-a  Kehlk. 

Hellk  201:  79-90,  1972. 

Mendelson,  T. , Salamy,  A.,  Lenoir,  M. , and  McKean,  C.  Brain 
stem  evoked  potential  findings  in  children  with  otitis 
media,"  Arch,  of  Otolaryngol.  105:  17-20,  1979. 

Moushegian,  G.  "The  frequency-following  potentials  in  man," 

in  Auditory  Evoked  Potentials  in  Man.  Psychopharmacology 
Correlates  of  EPs.  Prog.  Clin.  Neurophysiol,  ed.  by  J. 

E.  Desmedt  (Karger,  Basal),  2l  20-29 , 1977 . 

Onishi,  S.  and  Davis,  H.  "Auditory  evoked  responses  in  the 

sleeping  infant,"  EEG  and  Clin.  Neurophysiol.  26:114,  1969. 

Ozdamar , 0.  and  Dallos,  P.  "Input-output  functions  of  cochlear 
whole— nerve  action  potentials : interpretation  in  terms  of 
one  population  of  neurons,"  J.  Acoust.  Soc.  Amer.  59:  143- 
147,  1976. 

Paradise,  J.L.,  Smith,  C.G.,  and  Bluestone,  C.D.  "Tympanometric 
detection  of  middle  ear  effusion  in  infants  and  young 
children,"  Pediatrics  58:  198-210,  1976. 

Parker,  D.  and  Thornton,  A.R.D.  "The  validity  of  the  derived 
cochlear  nerve  and  brainstem  evoked  responses  of  the 
human  auditory  system,"  Scand.  Audiology  7:  45-52,  1978a. 

Parker,  D.  and  Thornton,  A.R.D.  "Frequency  specific  components 

of  the  cochlear  nerve  and  brainstem  evoked  responses  of  the 
human  auditory  system,"  Scand.  Audiology  7:  53-60,  1978b. 

Picton,  T.W.,  Hillyard,  S.A.,  Krausz,  H.I.,  and  Galambos,  R. 

"Human  auditory  evoked  potentials  I:  evaluation  of  compon- 
ents," EEG  and  Clin.  Neurophysiol.  36:  179-190,  1974. 

Picton,  T.W.,  Woods,  D.L.,  Baribeau-Braun , J.,  and  Healey,  T.M.G. 
"Evoked  potential  audiometry,"  J.  of  Otolaryngol.  6:  90-119, 
1977. 

Pujol,  R.  "Development  of  tone-burst  responses  along  the  auditory 
pathway  in  the  cat,"  Acta  Otolaryngol.  74:  383-391,  1972. 

Pujol,  R.  and  Marty,  R.  "Structural  and  physiological  relation- 
ships of  the  maturing  auditory  system,"  in  Ontogenesis  of 
the  Brain,  ed.  by  L.  Jilek  and  S.  Trojan  (Charles  Univ. , 
Prague) , ~pp . 377-385,  1968. 


Ill 


Pujol,  R.  and  Abonnenc,  M.  "Receptor  maturation  and  synapto- 
gensis  in  the  golden  hamster  cochlea,"  Arch.  Oto-Rhino- 
Laryngol.  217:  1-12,  1977. 

Pujol,  R. , Carlier,  E.,  and  Devigne,  C.  "Different  patterns 
of  cochlear  innervation  during  the  development  of  the 
kitten,"  J.  Comp.  Neurophysiol.  177:  529-536,  1978. 

Rapin,  I.  and  Schimmel,  H.  "Assessment  of  auditory  sensitivity 
in  infants  and  in  uncooperative  handicapped  children  by 
using  the  late  components  of  the  average  auditory  evoked 
potential,"  in  Auditory  Evoked  Potentials  in  Man.  Psycho- 
pharmacology Correlates  of  EPs.  Prog,  Clin.  Neurophysiol. , 
ed.  by  J.E.  Desmedt  (Karger,  Basal) , 2l  79-82 , 1977 . 

Romand,  R.  and  Marty,  R.  "Postnatal  maturation  of  the  cochlear 
nuclei  in  the  cat:  a neurophysiological  study,"  Brain 
Research  83:  225-233,  1975. 

Rorke,  L.B.  and  Riggs,  H.E.  Myelination  of  the  Brain  in  the 
Newborn , (Lippincott,  Phila.),  1969. 

Rowe,  J.  "Normal  variability  of  the  brainstem  auditory  evoked 
response  in  young  and  old  adult  subjects,"  EEG  and  Clin. 
Neurophysiol.  44:  459-470,  1978. 

Salamy,  A.  and  McKean,  C.  "Postnatal  development  of  human 
BSER  during  the  first  year  of  life,"  EEG  and  Clin. 
Neurophysiol . 40:  418-426,  1976. 

Salamy,  A.,  McKean,  C. , and  Buda,  F.  "Maturational  changes  in 
auditory  transmission  as  reflected  in  human  BSER," 

Brain  Research  96:  361-366,  1975. 

Salamy,  A.,  McKean,  C.M.,  Pettett,  G. , and  Mendelson,  T. 

"Auditory  brainstem  recovery  processes  from  birth  to 
adulthood,"  Psychophysiology  15:  214-220,  1978. 

Saunders,  J.C.,  Coles,  R.B.,  and  Gates,  R.G.  "The  development 
of  auditory  evoked  responses  in  the  cochlea  and  cochlear 
nuclei  of  the  chick,"  Brain  Research  63:  59-74,  1973. 

Schulman,  C.A.  "Heart  rate  audiometry,  part  I.  an  evaluation 
of  heart  rate  response  to  auditory  stimuli  in  newborn 
hearing  screening,"  Neuropad ia trie  4:  362-374,  1973. 

Schulman,  C.A.  and  Wade,  G.  "The  use  of  heart  rate  in  the 
audiological  evaluation  of  nonverbal  children," 
Neuropadiatrie  2:  197-205,  1970. 

Schwartz,  A.M.  and  Kane,  E.S.  "Development  of  the  octopus  cell 
area  in  the  cat  ventral  cochlear  nucleus,"  Amer.  J.  Anat. 
148:  1-18,  1977. 


112 


Sohraer,  H.  and  Feinmesser,  M.  "Cochlear  and  cortical  audiom- 
etry conveniently  recorded  in  the  same  subject," 

Isreal.  J.  Med.  Sci.  6:  219-223,  1970. 

Starr,  A.,  and  Hamilton,  A.E.  "Correlation  between  confirmed 
sites  of  neurological  lesions  and  abnormalities  of  far- 
field  auditory  brainstem  responses,"  EEG  and  Clin. 
Neurophysiol . 41:  595-608,  1976. 

Strominger,  N.L.  and  Hurwitz,  J.L.  "Anatomical  aspects  of  the 
superior  olivary  complex,"  J.  Comp.  Neur.  170:  485-498. 
1975.  ~ 

Taguchi,  K. , Picton,  T.,  Orpin,  J. , and  Goodman,  W.  "Evoked 

response  audiometry  in  newborn  infants,"  A.cta  Oto-laryngol. 
Suppl . 252:  5-17,  1969. 

Teas,  D.C.,  Eldredge,  D.H.,  and  Davis,  H.  "Cochlear  responses 
to  acoustic  transients : an  interpretation  of  whole-nerve 
action  potentials,"  J.  Acoust.  Soc.  Am.  34:  1438-1459, 

1962. 

Terkildsen,  K. , Osterhammel,  P. , and  Huis  in't  veld,  F. 

"Far-field  electrocochleography . Adaptation,"  Scand. 
Audiology  4:  215-220,  1975. 

Turkewitz,  G. , Birch,  H.G. , and  Cooper,  K.K.  "Patterns  of  re- 
sponse to  different  auditory  stimuli  in  the  human  new- 
born," Devel . Med  and  Child  Neurology  14:  487-491,  1972. 

Walker,  J.R.,  Brenningstall , G.N.,  Stream,  K.S.,  and  Stream, 

R.W.  "Acoustic  impedance  measurements  in  infants  and 
young  adults,"  J.  Acoust.  Soc.  Am.  62,  Supol.  1:  513, 

1977. 

Weir,  C.  "Auditory  frequency  sensitivity  in  the  neonate," 

J.  of  Exper.  Child  Psych.  21:  219-225,  1976. 

Yakovlov,  P.I.  and  Lecours , A-R.  "The  myelogenetic  cycles  of 
regional  maturation  of  the  brain,"  in.  Symposium- Region- 
al Development  of  the  Brain  in  Early  Life,  ed.  by 
A.  Minkowski  (Blackwell,  Oxford),  pp.  3-70,  1967. 

Yost,  W.A.  and  Klein,  A.J.  "Thresholds  of  filtered  transients," 
Audiology  18:  17-23,  1979. 

Zerlin,  S.  and  Naunton,  R.F.  "Physical  and  auditory  specifica- 
tions of  third-octave  clicks,"  Audiology  14:  135-143,  1975. 

Zollner,  C. , Karnahl , T. , and  Strange,  G.  "Input-output  func- 
tion and  adaptation  behavior  of  the  five  early  potentials 
registered  with  the  earlobe-vertex  pick-up,"  Arch.  Otol. 
Rhinol.  Larynqol . 212:  23-33,  1976. 


BIOGRAPHICAL  SKETCH 


Alan  Jay  Klein  was  born  in  New  York  City,  New  York,  on 
April  18,  1946.  He  attended  high  school  in  Yonkers,  New  York, 
and  junior  college  in  White  Plains,  New  York,  where  he  studied 
civil  engineering  for  two  years.  After  two  years  of  military 
service,  he  returned  to  college  at  the  University  of  New 
Mexico  and  received  a bachelor's  degree  in  psychology  in 
December  1971.  At  New  Mexico,  he  developed  an  interest  in 
communication  disorders.  In  September,  1974,  he  began  graduate 
school  at  the  University  of  Florida  in  the  Department  of 
Speech  majoring  in  clinical  audiology  and  hearing  science.  He 
was  awarded  a Master  of  Arts  in  December,  1976,  and  a Doctor 
of  Philosophy  in  December,  1979.  Presently  he  in  on  a post- 
doctoral fellowship  at  the  Department  of  Otolaryngology, 
Medical  University  of  South  Carolina. 


113 


I certify  that  I have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


I certify  that  I have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


I certify  that  I have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


This  dissertation  was  submitted  to  the  Graduate  Faculty  of 
the  Department  of  Speech  in  the  College  of  Liberal  Arts  and 
Sciences  and  to  the  Graduate  Council,  and  was  accepted  as 
partial  fulfillment  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy. 

December,  ]9  79 


Professor  of  Speech  and  Psychology 


William  H.  Cutler 

Assistant  Professor  of  Speech 


Dean,  Graduate  School 


